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The presence of pharmaceuticals in the environment is becoming an increasing regulatory 

and scientific concern. Thus, the metabolic profile and bioconcentration potential of diazepam, a 

model benzodiazepine, were examined, as well as effects on the endocrine system in channel 

catfish. Through the use of specific and non-specific cytochrome P450 (CYP450) inhibitors, it 

was determined that CYP3A-like enzymes may play a role in the biotransformation of diazepam 

into temazepam; however, the isoform(s) required for the formation of other metabolites is still 

unknown. Overall, only around 7-8% of diazepam is biotransformed into two known metabolites.  

Due to the lack of inherent metabolism of diazepam in channel catfish, further analysis 

was conducted to determine the tissue-specific bioconcentration potential of diazepam in catfish. 

Various tissues were analyzed for the presence of diazepam as well as metabolites and 

bioconcentration factors (BCF) were calculated, which were all well below regulatory threshold 

values (> 2000). Additionally, modulation of the endocrine system by diazepam was examined 

by measuring steroid hormone concentrations and analyzing mRNA expression of selected 

steroidogenic enzymes and receptors. Two steroidogenic enzymes were modulated following 

diazepam exposure, indicating potential endocrine disrupting properties of diazepam. Together, 

these data suggest that diazepam exhibits low metabolic transformation rates in channel catfish, 

which may lead to accumulation of benzodiazepine compounds that may negatively affect the 

endocrine system. However, further studies should be aimed at identifying other steroidogenic 

enzymes and/or receptors that may be modulated following diazepam exposure.  
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CHAPTER 1 

INTRODUCTION 

 

Pharmaceuticals in the Environment 

The approach to environmental toxicology has changed tremendously over the past 

decade. Historically, aquatic toxicity testing was based on the survival of animals, usually in 

acute exposures (≤ 96 hrs). However, recent studies have focused more on low-level chronic 

exposures resulting in sub-lethal effects. It is these long term, subtle effects that scientists now 

speculate may have detrimental effects on population and community structure and function.  

 Pharmaceuticals and personal care products (PPCPs) have likely been discharged into 

water for years, but are gaining attention for their potential effects on aquatic organisms. PPCPs 

include prescription and over-the-counter (OTC) therapeutic drugs, veterinary drugs, illicit drugs, 

fragrances, cosmetics, sunscreen agents and nutraceuticals. The concern with these compounds is 

their rapid introduction into the consumer market, as well as their ubiquitous use. Currently, over 

100 individual PPCPs have been identified in environmental and drinking water samples in the 

United States (USEPA, 2007). PPCPs are continually discharged into the aquatic environment 

through domestic and industrial sewage treatment systems, landfill leachates, as well as urban 

and agricultural storm-water runoff. However, the main source of PPCPs is treated domestic 

wastewater effluent discharge following patient use (Fent et al., 2006). Sewage systems were 

designed to facilitate the removal of waste from natural origin, not anthropogenic compounds 

such as PPCPs. Typically, these facilities utilize a variety of treatment methods (primary, 

secondary or tertiary) for the degradation of natural compounds (USEPA, 2004). The level of 

treatment is directly proportional to the removal efficiency of PPCPs. Hence, tertiary treatment 
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will have greater removal efficiency than secondary treatment, and so on. To date, there are no 

sewage systems designed specifically for the removal of PPCPs and other unregulated 

compounds (USEPA, 2007). Unfortunately, the most efficient treatments are costly, and many 

facilities cannot afford these high-level treatment processes. Consequently, the fates of PPCPs 

are often unknown in sewage systems (Daughton and Ternes 1999).  

  The United States Geological Survey (USGS) collected and analyzed 139 surface waters 

from 30 states during 1999-2000 (Kolpin et al., 2002). The particular surface waters were chosen 

based on proximity to potential contamination (due to high population and livestock production) 

and analyzed for the presence of 95 chemicals, such as prescription and non-prescription drugs, 

pesticides and detergents. Of these 95 chemicals, one or more were detected in 80 percent of the 

surface waters tested, with steroids, caffeine, antimicrobial disinfectants and detergents being the 

most frequently detected compounds. Additionally, 82 of the 95 chemicals were detected at least 

once throughout the study. The concentrations measured by the USGS (< 1 parts per billion) 

rarely exceeded drinking water guidelines, health advisories, or aquatic-life criteria (Kolpin et al., 

2002). However, many compounds, such as prescription drugs, do not have these established 

guidelines. This study shows that low-level concentrations of these contaminants can and are 

occurring in surface waters across the Unites States.  

Pharmaceuticals have specific mechanisms of action in target species; however, they may 

have unknown actions in non-target organisms. For example, non-steroidal anti-inflammatory 

drugs (NSAIDs), beta-blockers, lipid lowering drugs and neuroactive compounds exert their 

action through specific receptors, such as cyclooxygenase-1 and 2 (COX-1 and COX-2), α1/2-

adrenoceptors, peroxisome proliferator-activated receptors (PPARs) and γ-aminobutyric acid 

(GABA) respectively. Many of these cellular targets are well conserved across species and may 
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pose an increased risk to non-target organisms, such as aquatic life. For example, zebrafish 

(Danio rerio) have orthologs to 86% of human targets (Gunnarsson et al., 2008). Due to this 

conservation across species, Huggett et al., (2003) developed a model that used mammalian 

pharmacology and toxicology data to predict chronic receptor mediated responses in fish. Human 

therapeutic plasma concentrations (HTPC) were compared to predicted fish steady state plasma 

concentrations (FSSPC), and an effect ratio (ER) was calculated. The lower the ER, the more 

likely the potential for a pharmacological response in fish (Huggett et al., 2003). Therefore, 

pharmaceuticals that reach predicted plasma concentrations in fish that are similar to therapeutic 

plasma concentrations in humans may warrant more extensive chronic testing (Huggett et al., 

2003).  

In order to determine the environmental risks of human pharmaceutical exposure, the 

European Medicines Agency (EMEA) suggested using a tiered approach. Phase I of this 

approach determines the predicted environmental concentration (PEC) of a pharmaceutical in 

surface waters. If the PEC is < 0.01 parts per billion (ppb), it is anticipated that the compound 

will not pose an environmental risk (Christen et al., 2010). However, if the octanol-water 

partition coefficient (log Kow) is > 4.5, the compound undergoes an assessment for persistence, 

bioaccumulation and toxicity (PBT) during Phase I. If the PEC is > 0.01 ppb, the compound 

moves into Phase II, which includes environmental fate and effects testing (Christen et al., 2010). 

However, this trigger value of 0.01 ppb may not be sufficient for those compounds that are 

highly active at extremely low concentrations, such as synthetic hormones. These types of 

compounds enter Phase II testing, regardless of their PEC according to the EMEA protocol 

(Christen et al., 2010). Thus, identification of other highly active compounds that exhibit similar 

effects at low concentrations (PEC <0.01 ppb) is warranted. Pharmaceuticals are also present in 
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the environment in complex mixtures, comprising a wide array of mechanisms, which can lead to 

a variety of adverse effects. In mammals, exposure to pharmaceutical mixtures can result in 

toxicokinetic interactions (Nies, 2001). Toxicokinetic drug-drug interactions lead to alterations in 

the absorption, distribution, metabolism or elimination of one drug by another, resulting in an 

increase or decrease in the concentration of one drug at its site of action (Nies, 2001). These 

principles may also hold true for aquatic vertebrates as well, due to the conservation of cellular 

targets across species.   

 

Pharmacokinetics 

Pharmacokinetics is simply defined as the fate of a drug in an organism. This fate is 

dependent upon various factors, namely the absorption, distribution, metabolism and elimination 

(ADME) of the compound. Absorption is the rate at which compounds leave their sites of 

administration or exposure; and central to the concept of absorption is the ability of compounds 

to traverse cellular membranes. Thus, the molecular size, lipophilicity and degree of ionization of 

a compound determine the degree to which a compound will cross lipophilic membranes 

(Wilkinson, 2001). Compounds that are relatively small in size will be able to penetrate the 

cellular membrane much more readily than larger counterparts, due to the complexity of the 

construction of the lipid bilayer. If the drug is highly lipophilic, it may posses the ability to cross 

the lipid bilayer passively along its concentration gradient due to its high solubility. Alternatively, 

compounds that are not very lipophilic require the help of associated membrane components to 

actively transport them across the lipid bilayer (Wilkinson, 2001). Many drugs are either weak 

acids or bases and are present as both non-ionized and ionized forms. Non-ionized forms tend to 
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diffuse across cellular membranes relatively easily compared to ionizied forms, which tend to 

exhibit a low lipid solubility (Wilkinson, 2001).  

Although these characteristics describe the extent to which a compound is absorbed into a 

tissue or cell, most scientists are concerned with the fraction of compound that actually reaches 

their site of action, termed bioavailability (Wilkinson, 2001). Thus, the route of exposure of a 

compound as well as any metabolic or excretory functions will affect the bioavailability of a 

compound. For teleost species, there are mainly two routes of exposure to unwanted compounds, 

aqueous exposure and dietary consumption. Dietary consumption of a compound includes 

several factors that influence the bioavailability of a compound. First, the compound must be 

absorbed from the gut, which can be limited by the physicochemical properties of the compound 

as well as the environment (pH) of the gut. Secondly, the compound will be distributed to the 

liver for metabolic breakdown and/or biliary excretion before the compound even reaches 

systemic circulation (Wilkinson, 2001). Here, compounds are typically broken down into 

inactive metabolites, which can easily be eliminated. However, they may undergo bioactivation, 

whereby the parent compound is broken down into a metabolite that exhibits a degree of 

reactivity or toxicity that is equal to or greater than the parent compound. Thus, the metabolic 

and excretory capacity of the liver plays a large role in the bioavailability of a compound 

(Wilkinson, 2001).  

Following aqueous exposure, compounds will be immediately introduced into the 

systemic circulation via dermal and gill surfaces, however, binding to plasma proteins, such as 

albumin, can modulate the distribution of compound to various tissues. The fraction of 

compound that is bound is dependent upon the concentration of the compound present, the 

affinity for binding sites on proteins and the number of binding sites available (Wilkinson, 2001). 
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Thus, binding to plasma proteins can become saturated following exposure to high 

concentrations of a compound, limiting bioavailability. The unbound fraction of compound in the 

plasma will be rapidly distributed to various tissues within the body including the liver, where 

some of the compound may be metabolized and/or eliminated (Wilkinson, 2001). Thus, 

understanding the ADME of a compound in various animal models will aid in predicting or 

determining its potential for toxicity and adverse effects.  

 

Bioconcentration 

Uptake of pharmaceuticals by aquatic organisms, namely fish, can occur through various 

routes, such as, dermal and gill surfaces, dietary consumption, and maternal transfer to eggs 

(Corcoran et al., 2010). There are two models that have been used to predict the bioconcentration 

of organic compounds in fish based on mainly two of these uptake routes. The first model, the 

Organization for Economic Cooperation and Development (OECD) 305 fish bioconcentration 

test, predicts bioconcentration through gill uptake and is based on an assumption of equilibrium 

of the compound in the fish tissue and the surrounding environment; whereas, the second model 

predicts bioconcentration through dietary uptake, using an adapted method from the gill uptake 

method (Woodburn et al., 2008). These two types of studies both result in the calculation of the 

bioconcentration factor (BCF), which is a ratio of the concentration of the contaminant in fish to 

that in the water (Barber, 2008).   

Dietary uptake of compounds tends to occur for chemicals that are very hydrophobic (log 

KOW > 6). This method is adapted from the standard OECD 305 fish bioconcentration test, which 

includes both uptake and depuration phases (Woodburn et al., 2008). The difference in these two 

tests is that in the dietary uptake method, the fish is exposed to the chemical of concern through a 
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food source rather than the water (Woodburn et al., 2008). Although this method can be applied 

to a number of compounds, most pharmaceuticals are not highly non-polar and would not be 

amenable to this method. The gill uptake model tends to accurately predict the bioconcentration 

of moderately non-polar compounds (log KOW < 5)(Barber, 2008). This model works under the 

assumption that one route of absorption (gill uptake) determines the total accumulation of the 

compound in fish species using a flow-through test. There are also computer-aided models that 

can be used to predict the bioconcentration potential of pharmaceuticals. One such program, the 

US Environmental Protection Agency (USEPA) EPIWIN suite, is a quantitative structure-

activity relationship (QSAR) model that was originally designed to predict the environmental 

and ecotoxicological properties of general industrial chemicals. However, it has been recently 

validated for the screening of pharmaceuticals (Sanderson et al., 2004). Many of these types of 

computer BCF models are based solely on the physical and chemical characteristics of the 

compound, and do not include the mechanism of action. Additionally, biologically active 

metabolites are generally not included in these types of BCF analyses.  

The BCF data generated from both the in vivo tests and computer-aided models gives an 

indication of the bioconcentration potential for a particular compound. However, the significance 

of the bioconcentration value depends on the regulatory agency as well as the country that the 

test or model was conducted (Cowan-Ellsberry et al., 2008). The Globally Harmonized System 

for Hazard Communication requires a BCF greater than 500 to be considered to have the 

potential to bioconcentrate. In the European Union, the BCF value must be greater than 2000 to 

be considered to have the potential to bioconcentrate, and greater than 5000 to be considered 

very bioconcentrative (Cowan-Ellsberry et al., 2008). In the United States, as well as Japan, 

Canada and Australia, the BCF value must be greater than 5000 to be considered to have a 
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potential to bioconcentrate (Cowan-Ellsberry et al., 2008). Additionally, the in vivo OECD 305 

fish bioconcentration test requires the use of a minimum of 108 fish, costs approximately 

$125,000 for each compound and takes approximately four months to complete (Weisbrod et al., 

2009). Due to the high cost and long amount of time to conduct the study, bioconcentration data 

is available for only a limited number of pharmaceuticals. Only 4% of 23,000 commercial 

organic chemicals on the Canadian Domestic Substances List have BCF values reported (Cowan-

Ellsberry et al., 2008). Thus, there is a need to acquire BCF data for a large number of chemicals. 

In order to acquire BCF data for the 3,025 chemicals for Europe’s Registration, Evaluation, 

Authorisation and Restriction of Chemicals program, it was estimated to cost around $325 

million using the standard OECD 305 fish bioconcentration test (Weisbrod et al., 2009). Due to 

the large number of compounds that need BCF data, the high cost associated with standard BCF 

testing and the long amount of time required, a rapid cost-effective method is needed to evaluate 

these chemicals.  

Both the in vivo tests and computer-aided models also do not include ADME data for 

compounds, with absorption and metabolism exhibiting the most uncertainty when calculating 

bioconcentration (Nichols et al., 2007). There are numerous factors that influence the absorption 

of pharmaceuticals by fish, namely, the physicochemical characteristics of the chemical. 

Pharmaceuticals are mostly moderately non-polar compounds, which allow them to cross 

biological membranes by diffusion and interact with molecular targets (Corcoran et al., 2010). 

Metabolism represents another important factor when calculating or refining BCF values. 

Although there are models that are able to incorporate major uptake and elimination processes, 

these models are not generally accurate due to insufficient methods for estimating metabolic 

rates in fish (Cowan-Ellsberry et al., 2008). Incorporating metabolic data has the potential to 
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estimate the rate at which fish are able to eliminate compounds and thus, refine computer 

modeled BCF values (Gomez et al., 2010). Therefore, it has been suggested that in vitro 

metabolic assays could be used to optimize BCF values (Cowan-Ellsberry et al., 2008). However, 

the metabolic data generated from in vitro studies must be extrapolated into whole body 

transformation rates in order to be useful in refining BCF values (Cowan-Ellsberry et al., 2008).  

One study evaluated two different in vitro systems (S9 fraction and hepatocytes) from 

two fish species (rainbow trout and carp) using six chemicals (log KOW 3-6.7) (Cowan-Ellsberry 

et al., 2008). The S9 fraction is obtained by centrifugation of liver homogenates at 9000 x g for 

20 minutes, which contains both microsomes and cytosol (Han et al., 2009). Assuming first order 

kinetics, the clearance of each chemical was determined in both hepatocytes and S9 fractions. 

The authors were then able to apply a physiologically based pharmacokinetic (PBPK) fish model 

to extrapolate whole body estimates for metabolic transformation of each chemical (Cowan-

Ellsberry et al., 2008). They found that the extrapolation method was successful in refining BCF 

data that was based on KOW data alone (Cowan-Ellsberry et al., 2008). In this study, BCF values 

that included metabolic data were more similar to measured BCF values, compared to using KOW 

only (Cowan-Ellsberry et al., 2008). This method could prove especially useful when in vivo 

data are missing for individual compounds. It also follows the three R’s of toxicology (to reduce, 

replace and refine animal models), in that it could reduce animal use in standard OECD 305 

testing or possibly replace in vivo BCF testing all together (Cowan-Ellsberry et al., 2008).  

Gomez et al., (2010) used the methods described by Cowan-Ellsberry et al., (2008) to 

attempt to refine BCF values for various pharmaceuticals. Metabolic transformation rates for 

ibuprofen, norethindrone and propranolol were calculated and incorporated into a refined BCF 

model for these compounds (Gomez et al., 2010). Similarly to Cowan-Ellsberry et al., (2008), S9 
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fractions of liver and gill tissue from both rainbow trout and channel catfish were used for the in 

vitro studies to compare the two species. Although there were some differences observed 

between species and tissue examined, the overall trend was a refinement of BCF values 

(reduction) when metabolic transformation rates of the liver were included in the analysis of 

BCF for both species (Gomez et al., 2010). This reduction in BCF was also found to be more 

predictive of in vivo measured BCF values for ibuprofen (Nallani et al., 2011). The 

pharmaceuticals tested in this study did not fall within the range of KOW values that were tested 

by Cowan-Ellsberry et al., (2008). Thus, this method may be applicable to compounds that 

would not traditionally be expected to bioaccumulate, such as pharmaceuticals.   

The inclusion of the metabolic activity of pharmaceuticals when calculating BCF may be 

more predictive of measured in vivo BCF values. However, this assumes that the metabolism of a 

particular pharmaceutical would result in a more polar compound, which would increase its 

elimination, thereby reducing its potential to bioconcentrate. For some pharmaceuticals, however, 

the metabolism of the parent compound results in the formation of biologically active 

metabolites, termed bioactivation, which may or may not present a greater risk for toxicity and/or 

bioconcentration. Thus, known active metabolites of parent compounds should also be modeled 

for their potential to bioconcentrate based on the rate of their formation.  

 

Benzodiazepines 

Benzodiazepines get their name from their chemical structure, which includes a benzene 

ring fused to a seven-membered diazepine ring (Charney et al., 2001). All benzodiazepines act 

on the central nervous system (CNS), which typically results in effects such as sedation, 

hypnosis, decreased anxiety, muscle relaxation, anterograde amnesia and anticonvulsant activity. 
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Benzodiazepines all have similar mechanisms of action, by binding to a specific benzodiazepine 

binding site on gamma aminobutyric acid type A receptors (GABAA) in the brain (Charney et al., 

2001).  

GABAA receptors are ligand-gated chloride ion channels, which are activated by binding 

of the inhibitory neurotransmitter GABA (Tan et al., 2011). GABAA receptors are composed of a 

pentamer derived from seven different subunits (α, β, γ, δ, ε, π and θ), where each subunit can 

occur as various isoforms (α1-6, β1-3, etc.). However, the majority of GABAA receptors are 

composed of α1, β2 and γ2 subunits with a ratio of 2:2:1, respectively (Tan et al., 2011). 

Benzodiazepines bind to a specific site located between α and γ subunits, but only if the α 

subunit contains a specific histidine residue. GABAA receptors that contain the subunits α4 or α6 

have been shown to be insensitive to benzodiazepines due to the presence of an arginine residue 

instead of a histidine residue (Tan et al., 2011). Additionally, there is a correlation between the 

type of α subunit present and the pharmacological action of benzodiazepines. GABAA receptors 

containing α1 subunits have been shown to mediate the anterograde amnesia effects of 

benzodiazepines as well as their addictive properties. The anxiolytic effects of benzodiazepines 

are attributed to α2 subunits, whereas α1, α2, α3 and α5 subunits mediate anticonvulsive effects 

(Tan et al., 2011). Binding of benzodiazepines to the GABAA receptor modulates the binding of 

the neurotransmitter GABA, and vice versa, allosterically. However, the pharmacological 

response generated from this binding differs for each compound. Benzodiazepines may act as 

positive allosteric modulators (agonists), negative allosteric modulators (inverse agonists) and 

antagonists (Tan et al., 2011). Agonists, such as diazepam, bind to the GABAA receptor and 

increase receptor affinity for the neurotransmitter GABA, which increases chloride transmission 

and results in anxiolysis. Inverse agonists, such as Ro15-4543, bind and result in a decreased 
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affinity for GABA and anxiogenic activity (Tan et al., 2011). However, antagonists, such as 

flumazenil, bind to the benzodiazepine binding site on the GABAA receptor, resulting in 

competition with agonists but with no modulation of GABA affinity. 

In addition to the activity of benzodiazepines on GABAA receptors in the central nervous 

system, they also possess the ability to bind to translocator protein (TSPO) receptors throughout 

the body. TSPO receptors were first discovered in 1977 while investigating additional binding 

sites for diazepam in peripheral tissues (Papadopoulos et al., 2005). Thus, they were initially 

termed peripheral-type benzodiazepine receptors (PBR) to distinguish them from central 

benzodiazepine receptors, which are located on the GABAA receptor (Papadopoulos et al., 2005). 

However, these receptors were later found widely distributed throughout the body, with higher 

concentrations found in steroid producing tissues, such as the gonads. TSPO receptors are also 

located within the central nervous system, but are confined to ependymal and glial cells 

(Papadopoulos et al., 2005). At the subcellular level, TSPO is mainly located on the outer 

mitochondrial membrane in association with other membrane components (Veenman et al., 

2007). However, few TSPO receptors have also been located in nuclear fractions of human liver 

tissue as well as the nucleus of cancer cells (Papadopoulos et al., 2005). TSPO can be found as a 

complex of associated proteins: TSPO, a voltage dependent anion channel (VDAC) and adenine 

nucleotide translocator (ANT), where it functions to regulate apoptotic mechanisms. However, 

free TSPO has been shown to function alone in steroidogenesis (Veenman et al., 2007). The 

TSPO itself is characterized by five α-helices that span the outer mitochondrial membrane, 

creating a channel to allow the passage of cholesterol across the membrane (Veenman et al., 

2007). Cholesterol can then be converted into the steroid hormone pregnenolone, which is the 

precursor for all downstream steroid production.  
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Most benzodiazepines have high lipid solubility in the non-ionized form; however, this 

can vary greatly among the various compounds. In humans, benzodiazepines can be grouped into 

four categories based on their elimination half-lives (t1/2), which is the time required for half of 

the concentration of the drug to be eliminated. Benzodiazepines can be ultra short-acting, short 

acting (t1/2 < 6 hours), intermediate-acting (t1/2 = 6-24 hours) and long-acting (t1/2 > 24 hours) 

(Charney et al., 2001). Most benzodiazepines bind to plasma proteins in humans, ranging from 

70-99% binding to serum albumin (Kratochwil et al., 2002). In humans, benzodiazepines are 

rapidly distributed from systemic circulation into the brain and other highly perfused tissues, 

such as the liver, which is followed by a phase of redistribution into less perfused tissues, such as 

muscle and fat (Charney et al., 2001). Additionally, some benzodiazepines can undergo 

enterohepatic recirculation, which limits their elimination and complicates determination of 

therapeutic doses. Most benzodiazepine drugs are metabolized by cytochrome P450 enzymes, 

namely CYP3A4 and CYP2C19, whereas some can undergo direct conjugation (Charney et al., 

2001). The co-administration of compounds that interact with these metabolizing enzymes may 

potentially alter the metabolism of benzodiazepines by increasing, decreasing or inhibiting the 

metabolic capacity of these enzymes. 

 

Diazepam 

A model benzodiazepine, diazepam, exerts its anxiolytic effect in humans by binding to 

the benzodiazepine site on the GABAA receptor in the brain. In humans, diazepam is N-

demethylated by cytochrome P450 (via CYP3A4 and 2C19) to the active metabolite 

nordiazepam and hydroxylated by CYP3A4 to the active metabolite temazepam (Fig. 1.1). Both 

of these metabolites are then further metabolized to oxazepam. Human CYP3A enzymes 
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metabolize nearly 50% of all pharmaceuticals, and they are considered important drug 

metabolizing enzymes in fish as well (Christen et al., 2009). In humans, the half-life of diazepam 

is rather long (>24 hrs). However, diazepam is metabolized into biologically active metabolites, 

which also have relatively long half-lives. Nordiazepam has a half-life of >24 hrs in humans, 

whereas the half-life of temazepam and oxazepam is 6-24 hrs (Charney et al., 2001).  

 

 

FIG 1.1. The metabolic pathway of diazepam and the chemical structures of its metabolites (adapted from Mercolini 
et al., 2009). 

 

Diazepam is one of the top 200 drugs dispensed in the U.S. and is frequently abused 

(Lamb, 2009, SAMSA, 2008). Between 2001-2005 there were an estimated 65,299,000 

prescriptions written for diazepam (Strom et al., 2006). As part of the National Forensic 

Laboratory Information System (NFLIS) sponsored by the Drug Enforcement Agency (DEA), 

state and local forensic laboratories around the country analyzed drugs seized from law 

enforcement operations between 2001-2005. The NFLIS reported the identification of 181,384 

benzodiazepine drugs, of which 9% were identified as diazepam (Strom et al., 2006). 
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Additionally, diazepam had the highest ratio of the number of diazepam identifications in NFLIS 

per 10,000 prescriptions dispensed, suggesting that this drug is heavily abused (Strom et al., 

2006). Due to its heavy medical use and abuse rate, wastewater treatment plants across the 

United States continually receive diazepam. Additionally, the metabolites temazepam and 

oxazepam are marketed benzodiazepine pharmaceuticals in the U.S. sold under the brand names 

Restoril® and Serax®, repectively (U.S. Department of Health and Human Services 2010). Oral 

administration of 5-10 mg of diazepam three to four times daily is common, although 100 mg 

can be taken within a 24-hour period (Charney et al., 2001). Oxazepam and temazepam require 

an oral administration of 15-30 mg three to four times daily and 7.5-30 mg daily, respectively. 

However, the plasma concentration of diazepam (and metabolites) is of limited value due to the 

metabolism to active metabolites, plasma protein binding of all compounds, enterohepatic 

recirculation and tolerance (Charney et al., 2001). Acute toxicity data from rainbow trout 

(Oncorhynchus mykiss) showed that diazepam had a 96-h NOEC of 50 ppm and an LC50 of 84 

ppm (Straub, 2008). Chronic toxicity in zebrafish (Danio rerio) showed an overall 35d NOEC of 

273 ppb and a LOEC of 2570 ppb for diazepam (Straub, 2008).  However, to date there are no 

ecotoxicological data available for the metabolites. Based upon a log KOW of 2.82, the QSAR 

value for bioconcentration of diazepam in fish was determined to be 48.8; which would indicate 

that it does not have the potential to bioconcentrate (Straub, 2008).  

 

Environmental Occurrence 

A study by the USGS examined the concentrations of various pharmaceuticals in effluent 

samples from nineteen wastewater treatment plants across the United States between 2003-2006. 

Diazepam was detected in less than 10% of these sites and concentrations were less than 200 ppt 

 15 



(Phillips et al., 2007). Another study by Phillips et al., (2010) reported maximum diazepam 

concentrations of 100 ppt in effluent from twenty-three wastewater treatment facilities across the 

U.S. These two studies show that diazepam is present in effluent samples from numerous 

facilities around the country.  

A study by Hummel et al., (2006) examined the concentration of various compounds in 

sewage influent and effluent, surface water, drinking water and groundwater. The authors were 

unable to detect diazepam and nordiazepam in all water samples analyzed. Temazepam was 

detected in sewage influent and effluent at a median concentration of 50 ppt, whereas oxazepam 

was detected in sewage influent and effluent at median concentrations of 482 ppt and 322 ppt, 

respectively (Hummel et al., 2006). The median concentration of temazepam in surface waters 

was 22 ppt, whereas the median concentration of oxazepam was 92 ppt (Hummel et al., 2006). 

These data show that the metabolites are also being detected in wastewater and surface waters 

around the world and that the concentrations of the metabolites are not significantly reduced 

following treatment at sewage treatment facilities. It is not surprising that temazepam and 

oxazepam were detected at relatively high concentrations, even though diazepam and 

nordiazepam were below detection limits. Oxazepam is the final metabolite in the metabolic 

pathway of diazepam in mammals, whereas nordiazepam is an intermediate metabolite (Charney 

et al., 2001). Additionally, temazepam can be converted into oxazepam via CYP450-mediated 

activity, which can then undergo glucuronidation and elimination (Charney et al., 2001). Thus, it 

is not surprising that the concentrations of oxazepam exceed that of temazepam.  

Baker et al., (2011) developed a method for the detection of drugs of abuse in wastewater 

and surface water samples in the United Kingdom. They found diazepam concentrations of 5.1 

ppt and 0.8 ppt in wastewater and surface water, respectively (Baker et al., 2011). All three of 

 16 



the metabolites of diazepam were also detected in both types of water samples. Nordiazepam, 

temazepam and oxazepam were detected at concentrations of 9.9 ppt, 135.3 ppt and 57.9 ppt, 

respectively, in the effluent; whereas concentrations were 3.2 ppt, 27.8 ppt and 11.4 ppt in 

surface waters (Baker et al., 2011). The concentration of diazepam in this study is in agreement 

with those of previous studies, which were all <200 ppt. The concentrations of metabolites in this 

study are also in agreement with the previous study by Hummel et al., (2006) in that their 

concentrations are much greater than that of diazepam. Kwon et al., (2009) examined the 

concentration of diazepam in livers of ten hornyhead turbot (Pleuronichthys verticalis) and found 

that concentrations ranged from 23 to 110 ppt. These concentrations are higher than the 

concentrations reported for diazepam in surface waters, indicating that diazepam may exhibit the 

potential to bioconcentrate in fish tissues. To date, there have been no investigations regarding 

the concentrations of the metabolites of diazepam in fish tissues.  

Christen et al., (2010) aimed to develop a method to identify highly active compounds 

(HC) that would not be triggered into standard EMEA testing strategy. The ten pharmaceuticals 

that they examined have predicted no-effect concentrations (PNEC) of ≤ 10 ppt (Christen et al., 

2010). They compared their tiered approach to the fish plasma model (FPM) developed by 

Huggett et al., (2003) and a QSAR model. Using the Christen et al., (2010) mode of action 

concept, diazepam was predicted to have a moderate risk to be an HC, based on 71-90% 

homology of receptors in fish (Christen et al., 2010). The fish plasma model predicted that 

diazepam was not considered to be a HC, whereas the QSAR model had no data available on 

diazepam (Christen et al., 2010). Schreiber et al., (2011) tested the ability of the fish plasma 

model (FPM) designed by Huggett et al., (2003) to identify environmental hazards of a wide 

range of drugs, comprising an array of physicochemical and therapeutic properties. One-third of 
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the 42 compounds tested were identified as environmental hazards (Schreiber et al., 2011). The 

results from this study indicate that the FPM may be a promising tool for the identification of 

chemicals that may require further testing. However, this study did not identify any 

benzodiazepines among the 42 chemicals that were tested against the FPM. Thus, there is a lack 

of data regarding benzodiazepines and their environmental hazard. Oggier et al., (2010) 

examined the effects of diazepam on gene expression in zebrafish (Danio rerio). Using 

microarray techniques, they found that exposure to 235 ppt and 291 ppb diazepam for 14 days 

resulted in differential expression of 51 and 103 genes, respectively; most of which are involved 

in circadian rhythyms (Oggier et al., 2010). They confirmed these results using quantitative 

polymerase chain reaction (qPCR), which also indicated that the mechanism of action is similar 

to that of mammals (Oggier et al., 2010). Thus, additional environmental analysis is warranted 

for this compound.  

 

Steroidogenesis 

The translocator protein (TSPO) functions in the binding and transport of cholesterol, the 

transport of proteins, as well as porphyrin binding and transport (Papadopoulos et al., 2005). 

Cholesterol transport, which is important for the production of steroid hormones is the most 

studied of these functions. Ligands for the TSPO receptor stimulate steroidogenesis by aiding in 

the transport of cholesterol from the outer mitochondrial to the inner mitochondrial membrane, 

which represents the rate-limiting step for steroidogenesis (Papadopoulos et al., 2005). The 

endogenous ligand diazepam-binding inhibitor (DBI), as well as its active metabolites 

triakontatetraneuropeptide (TTN) and octadecaneuropeptide (ODN), bind TSPO and facilitate 

the transfer of cholesterol in the brain as well as peripheral tissues (Baraldi et al., 2009). Once 

 18 



cholesterol reaches the mitochondrial matrix, it is then converted into prenenolone by 

cytochrome P450 side chain cleavage (CYP11A1). Pregnenolone is then metabolized by various 

cytochrome P450 enzymes to produce tissue-specific steroid hormones (Papadopoulos et al., 

2005).  

In mammals, diazepam was shown to bind TSPO with low nanomolar affinity, similar to 

that of GABAA (Verma and Snyder 1989). Numerous benzodiazepine compounds have been 

shown to exhibit varying degrees of drug specificity for binding to TSPO (Verma and Snyder 

1989; Veenman et al., 2007). Exogenous TSPO ligands, such as benzodiazepine drugs, have also 

been shown to stimulate pregnenolone formation by inducing the transport of cholesterol into the 

inner mitochondrial membrane, both in vitro and in vivo (Lacapère and Papadopoulos 2003). 

However, the induction of steroidogenesis is dose-dependent; exhibiting increased steroid 

hormone production at nanomolar concentrations, while exposure to micromolar concentrations 

resulted in decreased or inhibited steroidogenesis (Lacapère and Papadopoulos 2003). Thus, the 

TSPO represents a potential target for endocrine disruption in aquatic species, such as teleost fish. 

The involvement of TSPO, as well as associated membrane components, on steroidogenesis in 

teleost species has not been investigated in much detail to date. Recently, the gonadal expression 

of TSPO and associated membrane components (VDAC and DBI) in largemouth bass 

(Micropterus salmoides) was characterized across reproductive stages in relation to steroid 

hormone levels and reproductive maturation (Doperalski et al., 2011). The researchers found that 

in testis, increased transcripts of TSPO and DBI were positively correlated with reproductive 

stage, gonadosomatic index (GSI) and plasma testosterone levels; whereas VDAC was positively 

correlated with GSI and reproductive stage (Doperalski et al., 2011). Ovarian TSPO and VDAC 

expression were found to be negatively correlated with GSI and plasma levels of testosterone and 
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17β-estradiol; whereas DBI was not found to exhibit any correlation to reproductive stages 

(Doperalski et al., 2011). This represents the first and only investigation of the role of TSPO in 

steroidogenesis in teleost fish, indicating sex differences in mitochondrial cholesterol transport 

mechanisms. Thus, the potential for TSPO as a target for endocrine disrupting chemicals through 

non-traditional mechanisms should warrant further investigation.  

 

Objectives and Hypotheses 

Objective 1: Determine the in vitro metabolic profile of diazepam in microsomal fractions of the 
liver of channel catfish with and without exposure to cytochrome P450 inhibitors.  
• Hypothesis 1 (HO): Diazepam will not be metabolized in catfish microsomal fractions. 
• Hypothesis 2 (HO): The metabolic profile of diazepam will not be significantly different 

following co-exposure to CYP450 inhibitors.  
 

Objective 2: Determine the in vivo distribution and bioconcentration potential of diazepam, in 
addition to the distribution of nordiazepam, temazepam and oxazepam, in the plasma, liver, 
gonad, brain and muscle of channel catfish following exposure to diazepam.  
• Hypothesis 3 (HO): Diazepam will not significantly reach regulatory threshold values for 

bioconcentration in tissues analyzed. 
• Hypothesis 4 (HO): The metabolites of diazepam will not be detected in tissues analyzed.  

 

Objective 3: Determine the in vivo production of steroid hormones and modulation of mRNA 
transcripts of steroidogenic enzymes in plasma, gonad and brain of channel catfish following 
exposure to diazepam. 
• Hypothesis 4 (HO): Diazepam will not significantly modulate steroidogenesis in catfish.  
• Hypothesis 5 (HO): mRNA transcripts of steroidogenic enzymes will not be modulated 

following diazepam exposure. 
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CHAPTER 2 

METABOLISM OF DIAZEPAM IN LIVER MICROSOMAL FRACTIONS OF CHANNEL 

CATFISH (Ictalurus punctatus) 

 

Introduction 

Metabolism, or biotransformation, is conducted in two phases: Phase I reactions and 

Phase II reactions (Andersson and Forlin 1992). Phase I reactions generally add or expose polar 

atoms within a compound through various mechanisms, which typically results in increased 

polarity (Schlenk 2008). However, occasionally, the intermediates formed from Phase I reactions 

are more reactive than the parent compound, resulting in bioactivation (Schlenk 2008). Phase I 

mechasnisms include oxidation, reduction and hydrolysis reactions, which are carried out by 

numerous enzymes. Following Phase I reactions, Phase II reactions further increase the polarity 

of compounds which aids in elimination. Phase II reactions are mediated by conjugation of the 

Phase I product with large endogenous polar molecules, such as glutathione (Schlenk 2008). 

Ultimately, the goal of biotransformation is the formation of highly polar compounds, which are 

easily eliminated via the urine.  

The most studied of these metabolic systems is the cytochrome P450 (CYP450) 

monooxygenase family of enzymes. Cytochrome P450 enzymes are a superfamily of 

hemoproteins that catalyze Phase I reactions (Buhler and Wang-Buhler 1998). These enzymes 

are located in the endoplasmic reticulum of cells, where they catalyze oxidation and reduction 

reactions of both endogenous and exogenous, or xenobiotic, compounds (Goksoyr and Forlin 

1992). The liver exhibits the highest concentration of CYP450 enzymes; however, extrahepatic 

organs, such as the intestine, have also been characterized for their metabolic capabilities (James 
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et al., 2005). The CYP450 system is very diverse with each family exhibiting multiple isoforms; 

thus, it is categorized into families and subfamilies based on the sequences of individual CYP450 

proteins. The gene is indicated by CYP, followed by an Arabic numeral to designate the family, 

a capital letter to indicate the subfamily, ending with a second Arabic numeral to characterize the 

specific subfamily member (i.e. – CYP1A1) (Andersson and Forlin 1992, Schlenk 2008). As in 

mammals, multiple isoforms have been identified in fish, although their relative activities are 

much lower (Buhler and Wang-Buhler 1998).  

 Many compounds can alter the expression of CYP450 enzymes, resulting in their 

induction or inhibition. Induction of CYP450 enzymes results in increased rates of gene 

transcription, leading to greater levels of mRNA and production of CYP450 enzymes, which 

may or may not coincide with an increase in activity of the enzyme (Andersson and Forlin 1992). 

Induction of CYP450 enzymes has long been employed as a biomarker of exposure to 

environmental contamination, due to the specific isoforms induced following exposure to certain 

groups of contaminants (Goksoyr and Forlin 1992). Inhibition of CYP450 enzymes can result in 

decreased transcription rates, leading to decreased mRNA expression of the enzyme; however, 

they can also simply decrease or block catalytic activity (Goksoyr and Forlin 1992). Chemical 

inhibitors have routinely been used to determine the involvement of CYP450 enzymes in the 

metabolism of other drugs, as well as the specific isoforms involved (Miranda et al., 1998). 

However, known mammalian CYP450 inhibitors may not always extrapolate to the same 

CYP450 isoforms in fish species. Additionally, CYP450 isoforms are not consistent across fish 

species, meaning that CYP450 specific inhibitors in one species may not be specific for the same 

isoform in another species (Uno et al., 2012). In addition to chemical modulation of CYP450 
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expression, environmental and physiological factors may play a role in altering CYP450 

expression in fish (Goksoyr and Forlin 1992).  

In mammals, the metabolism of diazepam in mediated by various hepatic CYP450 

enzymes, with very little un-metabolized drug eliminated in the urine (Mandrioli et al., 2008). 

Diazepam can undergo metabolism to form two different intermediate metabolites. 

Demethylation of diazepam via CYP2C19 and/or CYP3A4 enzymes results in the formation of 

the active metabolite nordiazepam, whereas hydroxylation via CYP3A4 enzymes results in the 

formation of the active metabolite temazepam (Mandrioli et al., 2008). Nordiazepam can 

undergo further metabolism, through hydroxylation via CYP3A4 enzymes, to form the active 

metabolite oxazepam. Temazepam can be demethylated via CYP3A4 and/or CYP2C19 enzymes 

to also form oxazepam, or it may be directly conjugated by endogenous glucuronide, increasing 

its elimination (Mandrioli et al., 2008). Oxazepam is metabolized by conjugation reactions, 

namely glucuronidation. However, the metabolites temazepam and oxazepam are not typically 

identified in blood, because of their rapid conjugation and elimination rates (Mandrioli et al., 

2008). Due to the complex nature of the metabolic profile of diazepam and the relatively long 

half-lives (t ½) of diazepam and nordiazepam (20-200 hours), there is an increased risk for the 

accumulation of these compounds as well as drug-drug interactions (Mandrioli et al., 2008).  

In channel catfish (Ictalurus punctatus), numerous CYP450 isoforms have been 

identified using polyclonal antibodies against rainbow trout (Oncorhynchus mykiss) liver 

CYP450 enzymes (Schlenk et al., 1993, James et al., 2005, Haasch, 1996, Lou et al., 2002). 

However, to date there have been no investigations into the metabolic profile of benzodiazepines 

in fish species. To begin to address the gap in metabolic data, this investigation examined the in 

vitro metabolism of diazepam (% loss) as well as the formation of metabolites (nordiazepam, 
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temazepam and oxazepam) in microsomal fractions of channel catfish livers. Specific and non-

specific cytochrome P450 (CYP450) inhibitors were used to attempt to determine the metabolic 

pathway of diazepam in catfish.  

 

Material and Methods 

Test Materials 

All chemicals used for the in vitro study: phosphate buffered saline (PBS), 17α-

ethinylestradiol (EE2), α-naphthoflavone (ANF), lauric acid, ketoconazole and ethyl 3-

aminobenzoate methanesulfonate (MS-222) were purchased from Sigma-Aldrich (St. Louis, 

MO). The Bradford Protein Assay kit was purchased from Bio-Rad Laboratories (Hercules, CA). 

Diazepam, D5 diazepam (isotopically labeled reference standard), nordiazepam, temazepam and 

oxazepam were purchased from Cambridge Isotope Laboratories (Andover, MA).  

 

Model Organism 

Channel catfish (Ictalurus punctatus) were chosen for this study based on their large size, 

ease of handling and culturing, and their commercial importance. They are an important aquatic 

species that is commercially cultured in the United States and are game fish that are frequently 

harvested from the wild for human consumption (Wellborn, 1988). Channel catfish also have a 

wide geographic distribution, since they have been introduced throughout the United States and 

around the world. Additionally, there is a large amount of research with channel catfish, as they 

have been used as toxicological animal models for many years (Cowan-Ellsberry et al.,, 2008; 

Haasch, 1996; James et al.,, 2005; Lou et al.,, 2002). Channel catfish (juvenile, approximately 6-

8 inches) were purchased from Pond King (Gainesville, TX). They were maintained in 
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dechlorinated tap water at 25 ± 2°C in re-circulating tanks with a 16-hr light/8-hr dark 

photoperiod. They were fed ground trout chow ad libitum until 24 hours prior to any experiments 

or tissue collections. All research with channel catfish was approved and conducted according to 

the Institutional Animal Care and Use Committee (IACUC) through the University of North 

Texas.  

 

In vitro Metabolic Assay 

Livers were harvested from channel catfish that were anesthetized by MS-222. Liver 

tissues extracted from the fish were rinsed in PBS, blotted dry and placed in a 50mL centrifuge 

tube with PBS, such that the final concentration was 1:2 tissue to PBS (w:v). Tissues from three 

catfish were homogenized together using a Tissuemiser Homogenizer (Fisher Scientific, 

Pittsburgh, PA) to reduce variability. The tissue homogenates were then centrifuged at 9000 × g 

for 20 minutes at 4°C to generate S9 fractions. The S9 fraction from each pool was split, then 

centrifuged at 100,000 × g for 1 hour at 4°C to obtain microsomal fractions. The resulting 

supernatant was then decanted and discarded. Three hundred microliters of PBS was added to 

each tube and vortexed to reconstitute the pellet with a resulting volume of 600μL for each pool.  

The in vitro study was conducted using prepared microsomal fractions (pooled) from the 

liver of channel catfish (n = 3). This study was conducted using an assay adapted from Cowan-

Ellsberry et al., (2008) and Han et al., (2009), and optimized in our laboratory (Gomez et al., 

2010). All samples were run at 2mg/mL protein (Bio-Rad Bradford protein assay) in duplicate 

with a blank, control and solvent control for each pool. Diazepam (5 μM) was added to the 

system with or without co-exposure to ANF, EE2, lauric acid or ketoconazole (10 μM). NADPH 

(619 μM) was added to initiate the reaction, samples were incubated at 25°C, and aliquots (100 
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μL) were removed at specified time points and placed in methanol (100 μL) to stop biological 

activity. Internal standard (d5 diazepam) was added to all samples at a final concentration of 100 

ppb, centrifuged to pellet the denatured protein and the supernatant removed. Samples were then 

dried under nitrogen gas and reconstituted in acetonitrile for analysis. Diazepam, d5 diazepam, 

nordiazepam, temazepam and oxazepam were detected using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), which consisted of a Waters 2695 Separations Module with an 

autosampler (Waters, Milford, MA) coupled to a Micromass Quattro Ultima mass spectrometer 

equipped with an electrospray interface (Waters, Milford, MA). Samples were separated using a 

Sunfire C18 (2.1mm X 50mm, 3.5μm) column (Waters, Milford, MA). For all experiments, the 

flow rate was 0.25mL-1 with an injection volume of 10μL.  

A qualitative assessment (no quantification) of diazepam and any unknown metabolites 

was also conducted (Pfizer; Groton, CT). Hepatic microsomal fractions were incubated at 2 

mg/mL protein (100 mM Kpi, 3.3 mM MgCl2, pH 7.4) containing diazepam (10 μM). 

Incubations were assembled on ice, reactions were started with the addition of NADPH (3.3 

mM), and an aliquot (500 μL) was immediately removed (time zero). The samples were then 

incubated at 25°C in a shaking water bath, and two aliquots (250 μL) were removed at 15 

minutes and 60 minutes, pooled, and placed in acetonitrile (2 mL) to stop biological activity. The 

resulting samples were centrifuged at 2500 × g for 5 minutes to pellet any denatured protein. The 

supernatants were transferred into new tubes and dried in a centrifugal vacuum drier. The 

samples were then reconstituted in 150 μL of appropriate mobile phase via sonication. A 20 μL 

aliquot of each sample was then analyzed using high performance liquid chromatography tandem 

mass spectrometry (HPLC-MS/MS), which consisted of a AB Sciex Triple TOF 5600. 
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Separation of the sample was achieved using a HALO C18 (3 × 50 mm, 2.7 μm, P/N: 92613-

402) chromatography column.  

 

Testosterone Hydroxylation 

Livers were harvested from juvenile channel catfish (n = 3) in standard laboratory 

conditions maintained in chemical-free dechlorinated tap water (controls), as well as juvenile 

channel catfish (n = 3) exposed in vivo to 1 part per billion (ppb) diazepam for seven days 

(treated). Liver tissues extracted from the fish were rinsed in PBS, blotted dry and placed in a 

50mL centrifuge tube with PBS, such that the final concentration was 1:2 tissue to PBS (w:v). 

Tissues from three catfish were homogenized together using a Tissuemiser Homogenizer (Fisher 

Scientific, Pittsburgh, PA) to reduce variability. The tissue homogenates were then centrifuged at 

9000 × g for 20 minutes at 4°C to generate S9 fractions. The S9 fraction from each pool was split, 

then centrifuged at 100,000 × g for 1 hour at 4°C to obtain microsomal fractions. The resulting 

supernatant was then decanted and discarded. Three hundred microliters of PBS was added to 

each tube and vortexed to reconstitute the pellet with a resulting volume of 600μL for each pool. 

Protein content of each pool was then determined using the Bradford Protein Assay Kit (Bio-Rad 

Laboratories, Hercules, CA) and a Synergy 2 Multi-Mode Microplate Reader (Bio-Tek 

Instruments, Winooski, VT).  

Testosterone hydroxylation activity was measured as described by Martin-Skilton et al., 

(2006). Briefly, 50 μl of hepatic microsomal protein was incubated with 3.5 μM [14C] 

testosterone (150 μCi/μmol; 97.6% purity) and 7.5 μM NADPH in a final volume of 0.26 mL of 

50 mM Tris–HCl, pH 7.4. Samples were incubated for 30 min at 30°C, then an additional 10 μl 

of NADPH (7.5 μM) was added and incubated for another 30 min at 30°C. Incubations were 
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stopped by adding 250 μl of acetonitrile, followed by centrifugation (10,000 g for 10 minutes) 

and injection (400 μl of supernatant) into a reverse-phase HPLC column. HPLC analyses were 

performed on an SCL-10AVP Shimadzu HPLC system equipped with a 250Å~4.6 mm Atlantis 

C18 (5 μm) reverse-phase column (Waters, Milford, MA). Chromatographic peaks were 

monitored on a radioflowdetector β-ram Model 3 (INUS Systems Inc., Tampa, FL) using In-

Flow 2:1 (INUS Systems Inc.) scintillation liquid. All compounds (testosterone, 6β-, 16α- and 

16β-hydroxytestosterone, androstenedione and dihydrotestosterone) were identified using 

authentic standard compounds (co-chromatography), and quantified by integrating the area under 

the radioactive peaks (recovery 98.9%-99.7%; detection limit 0.2 pmol/min/mg protein).  

 

Statistical Analysis 

Data from in vitro metabolic studies (n = 3 pools) were tested for normality (Shapiro 

Wilk’s test) using R statistical software. The data was then analyzed using GraphPad Prism 5 (La 

Jolla, CA) via a repeated measure ANOVA to determine significance between control and 

treated groups at each time point. Results are shown as the mean ± standard error. Data from the 

testosterone hydroxylation activity studies (n = 3 pools) were analyzed via a t-test using 

GraphPad Prism 5 (La Jolla, CA) to determine significance between control and treated groups 

for each metabolite. Significance was set to p ≤ 0.05 for all analyses. Results are shown as the 

mean ± standard error.  
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Results 

In vitro Metabolic Assay 

In control catfish, approximately 23% of diazepam was lost over 60 minutes (Fig. 2.1a). 

Of the diazepam lost, only 8% of diazepam was converted into the metabolites nordiazepam 

(3%) and temazepam (5%). Oxazepam was below analytical detection (0.031 ppb) in all studies 

conducted. Solvent controls, controls lacking NADPH and blanks were analyzed for each liver 

pool during all assays. Controls lacking NADPH resulted in a loss of 16% of diazepam over 60 

minutes. Blanks resulted in no detection of diazepam or metabolites in all analyses. Thus, 

sorption or matrix interferences may account the remainder of the lost diazepam above the 8% 

that was converted to known metabolites. Additionally, a full mass spectral scan of control 

microsomes revealed the formation of no other metabolites, other than nordiazepam and 

temazepam.  

Ketoconazole was used as a non-specific CYP450 inhibitor to confirm that the 

metabolism of diazepam and the formation of metabolites were mediated by CYP450 enzymes. 

Ketoconazole exposure resulted in significant inhibition (> 65%) of diazepam metabolism, as 

well as significant inhibition of the formation of nordiazepam (> 50%) and temazepam (> 90%) 

(p < 0.05) (Fig. 2.1b). To determine the specific CYP450 isoforms involved in the metabolic 

pathway of diazepam, α-napthoflavone (ANF), 17α-ethinylestradiol (EE2) and lauric acid were 

used as inhibitors of CYP1A/CYP3A, CYP3A and CYP2-like enzymes, respectively. ANF 

exposure resulted in no significant modulation in the loss of parent compound (diazepam) or the 

formation of metabolites (nordiazepam and temazepam) (Fig. 2.1c). Exposure to EE2, a CYP3-

like inhibitor, resulted in significant inhibition of diazepam (80%) as well as significant 

inhibition of temazepam (> 50%) formation over sixty minutes (p < 0.05) (Fig. 2.1d). No 
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difference was observed for nordiazepam formation. Lauric acid, a CYP2-like inhibitor, resulted 

in significant inhibition of diazepam metabolism (> 80%)(p < 0.05); however, did not alter the 

formation of either metabolite (Fig. 2.1e). To determine if diazepam was converted into any 

other unknown metabolite(s), an in vitro metabolic assay was conducted which attempted to 

identify any unknown metabolites. This investigation resulted in the identification of diazepam, 

nordiazepam and temazepam only (Fig. 2.2).  

 

Testosterone Hydoxylation 

The testosterone metabolites 6β-, 16α- and 16β-hydroxytestosterone, androstenedione 

and dihydrotestosterone were detected in both control and diazepam treated hepatic microsomal 

fractions. The formation of 16α-hydroxytestosterone resulted in a rate of 1.76 pmol/min/mg 

protein for control microsomes and 1.44 pmol/min/mg protein for treated microsomes, whereas 

the formation of 16β-hydroxytestosterone resulted in rates of 0.51 and 0.39 pmol/min/mg protein 

for control and treated microsomes, respectively. The formation of dihydrotestosterone resulted 

in a rate of 1.22 pmol/min/mg protein for control microsomes and 1.34 pmol/min/mg protein for 

treated microsomes. There were no significant differences between control and treated 

microsomes for any of these metabolites.  

However, the formation of 6β-hydroxytestosterone and androstenedione resulted in a 

significant difference between control and treated microsomes. The formation of 6β-

hydroxytestosterone exhibited a rate of 0.96 pmol/min/mg protein for controls, whereas treated 

microsomes resulted in a significant decrease in formation at a rate of 0.55 pmol/min/mg protein 

(p < 0.05). Androstenedione exhibited a rate of 2.34 pmol/min/mg protein for control 
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microsomes, while treated microsomes resulted in a significant increase in formation at a rate of 

3.71 pmol/min/mg protein (p < 0.05).  

 

FIG 2.1. (a) Baseline metabolism representing the concentration of diazepam and metabolites over 60 minutes, 
compared to (b) co-exposure to ketoconazole, (c) α-naphthoflavone, (d) 17α-ethinylestradiol and (e) lauric acid. 
Data points are represented by the mean ± standard error from three pools of fish (n = 3). Loss of diazepam in 

controls lacking NADPH was not accounted for in this data.  

 35 



 

FIG 2.2. Chromatogram showing the peaks corresponding to diazepam, nordiazepam and temazepam from in vitro 
metabolic assay following incubation with diazepam only. No other peaks were detected. 

 

 

Discussion 

The results from the metabolic assays will add to the current knowledge of channel 

catfish in vitro metabolism. ANF, EE2 and lauric acid have been shown to be inhibitors of 

CYP1A1/CYP3A27, CYP3A27 and CYP2K1, respectively, in rainbow trout (Oncorynchus 

mykiss) microsomes, whereas ketoconazole has been shown to be a non-specific inhibitor in 

trout, due to its ability to inhibit multiple CYP450 isoforms (Miranda et al., 1998). The presence 

of various CYP450 isoforms in channel catfish have previously been investigated, using anti-
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trout polyclonal antibodies corresponding to multiple CYP450 enzymes, as well as specific 

CYP450 isoform inhibitors and/or inducers (Schlenk et al., 1993). The major channel catfish 

CYP450 families identified include: CYP1A-like, CYP2-like and CYP3A-like proteins 

(Mosadeghi et al., 2007; Popovic et al., 2012; Schlenk et al., 1993; Schlenk et al., 2002; Uno et 

al., 2012). A specific CYP2 isoform, CYP2X1, has been cloned, sequenced and expressed in 

channel catfish, although catalytic activity of this isoform appears to be relatively low compared 

to other CYP2 isoforms in fish (Mosadeghi et al., 2007, Schlenk et al., 2002).  

Ketoconazole is a competitive (reversible) inhibitor that has been shown to block 

CYP1A1, CYP2K1 and CYP3A27 activity in trout microsomes by more than 80% at a 

concentration of 100µM (Miranda et al., 1998). Ketoconazole exposure significantly inhibited 

both diazepam metabolism and formation of both metabolites in the present study (p < 0.05). 

These results indicate that the conversion of diazepam into nordiazepam and temazepam is likely 

mediated through cytochrome P450 enzymes, due to their resulting inhibition by ketoconazole. 

Furthermore, Miranda et al., (1998) examined CYP1A1 activity in trout, which is known to 

catalyze 7,12-dimethylbenz(a)anthracene hydroxylase (DMBA-OH) activity. DMBA-OH 

activity was significantly inhibited (>80%) in trout by exposure to 100µM ANF, a known 

CYP1A1 inhibitor in mammals. In the present study, ANF failed to significantly inhibit the 

metabolism of diazepam or the formation of metabolites. Thus, it is unlikely that CYP1A-like 

enzymes contribute to the biotransformation of diazepam in channel catfish liver microsomes. 

Trout microsomes have been shown to express lauric acid hydroxylase (LA-OH) activity at the 

ω- and (ω-1) positions via CYP2M1 and CYP2K1 enyzmes, respectively (Buhler and Wang-

Buhler 1998; Buhler et al., 2000). Channel catfish liver proteins have shown cross-reactivity 

against anti-trout CYP2M1 and CYP2K1 proteins, and were induced by typical lauric acid 
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hydroxylase activity inducers (Haasch, 1996). This cross-reactivity is evidence that catfish and 

trout have similarities with regards to CYP2-like protein activity and inducibility. In this study, 

lauric acid exposure resulted significant inhibition (> 80%) of diazepam metabolism without 

altering known metabolite formation in catfish (p < 0.05). This indicates that the conversion of 

diazepam to known metabolites was below the limits of detection and/or resulted in the 

formation of unknown metabolites.  

To further determine CYP3A-like involvement, EE2 was used as a more specific 

inhibitor as well as measuring testosterone hydroxylase activity. EE2 acts as a suicide inhibitor 

of CYP3A4 in humans, by being converted into reactive intermediates that inactivate the 

enzymes (Miranda et al., 1998). In trout microsomes, CYP3A27 was shown to catalyze 

progesterone 6β-hydroxylase (PROG-OH) activity, which could be inhibited with exposure to 

EE2 (Miranda et al., 1998). EE2 showed poor inhibitory effects on DMBA-OH (CYP1A1) and 

lauric acid hydroxylase (CYP2K1) activity, while exhibiting more than 80% inhibition of 

PROG-OH (CYP3A27) (Miranda et al., 1998). Exposure to EE2 in the present study resulted in 

significant inhibition of diazepam (> 80%) as well as significant inhibition of temazepam 

formation (> 50%) (p < 0.05), indicating that a CYP3A-like protein may be responsible for the 

conversion of diazepam into temazepam. However, the formation of nordiazepam was not 

modulated following exposure to EE2, indicating that CYP3A-like enzymes are not likely 

involved in the conversion of diazepam into nordiazepam. 

Further investigation was conducted to determine CYP3A-like activity via testosterone 

hydroxylase activity. Both control and diazepam treated (in vivo) microsomes were analyzed for 

testosterone hydroxylase activity. Testosterone is mainly converted to 6β-hydroxytesterone 

through CYP3A-like enzymes in channel catfish and other fish species, as well as the formation 
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of other minor hydroxylated metabolites through various CYP450 enzymes (James, 2011). 

Although no studies have identified the CYP450 enzymes responsible for catalyzing the other 

hydroxylation reactions in channel catfish, testosterone 16α-hydroxylation has been shown to 

occur via CYP2K1 enzymes in rainbow trout (Oncorhyncus mykiss) and coho salmon 

(Oncorhyncus kisutch), whereas progesterone 16α-hydroxylation has been shown to occur via 

CYP2K1 enzymes in rainbow trout (James, 2011). In trout, CYP3A27 and CYP3A45 enzymes 

are responsible for the 2β-, 6β- and 16β-hydroxylation of testosterone (Lee and Buhler 2002, 

2003). The CYP450-mediated metabolism of testosterone in control microsomes resulted in the 

formation of three metabolites: 6β-, 16α- and 16β-hydroxytestosterone, indicating the presence 

of CYP3A-like, and possibly CYP2-like, activity. Formation of 16α-hydroxytestosterone was the 

greatest, with a rate of 1.76 ± 0.49 pmol/min/mg protein, contradicting the literature, which 

reports that most testosterone hydroxylase activity results in the formation of 6β-

hydroxytestosterone in fish (James et al., 2005). Testosterone metabolites 6β-

hydroxytestosterone and 16β-hydroxytestosterone were formed at slightly lower rates of 0.96 ± 

0.08 and 0.51 ± 0.09 pmol/min/mg protein, respectively, for control microsomes.  

Testosterone 6β-hydroxylation activity has been shown to be well correlated with 

immunochemically measured CYP3A content in channel catfish intestinal microsomes, 

indicating their effectiveness for measuring CYP3A-like activity (James et al., 2005). The 

hepatic 6β-hydroxylase (CYP3A-like) activity resulted in the formation of 6β-

hydroxytestosterone at a rate of 0.96 ± 0.08 pmol/min/mg protein for control microsomes in the 

present study. Other studies report 6β-hydroxylase activity rates ranging from 234.5 – 1280 

pmol/min/mg protein and 89 – 299.9 pmol/min/mg protein for hepatic and intestinal microsomes 

of channel catfish, respectively (James et al., 2005; Lou et al., 2002; Schlenk et al., 1993). Thus, 
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channel catfish in the present study exhibited levels of CYP3A-like activity that were an order of 

magnitude lower than those observed in the literature. However, channel catfish CYP450 

isoform expression is gender and age specific, which could explain the low activity observed in 

this study. Expression of an isoform recognized by anti-trout CYP2 antibodies was 

approximately 35% higher in females compared to males for one isoform (Perkins and Schlenk 

1998). In contrast, a separate CYP2-reactive protein of different molecular weight was not 

different (Perkins and Schlenk 1998). In 3-month old fish another CYP2 isoform was observed, 

but the isoform was absent in 6-month old fish. Other CYP2 isoforms were present in both 3-

month and 6-month old fish that increased with age (Perkins and Schlenk 1998).  

Microsomes obtained from catfish exposed in vivo to 1 µg/L diazepam for seven days 

resulted in the formation of 6β-hydroxytestosterone at a rate of 0.55 ± 0.09 pmol/min/mg protein, 

significantly decreasing its formation by 57% (p < 0.05). The significant inhibition of diazepam 

and metabolites by EE2 and the decreased rate of formation of 6β-hydroxytestosterone in liver 

microsomes from diazepam-treated fish indicate that CYP3A-like enzymes may contribute to the 

metabolism of diazepam, especially in the formation of temazepam. Since diazepam inhibited 

only slightly over 50% of testosterone metabolism, the incomplete inhibition would indicate that 

some CYP3A-like enzyme active sites were still available for testosterone to bind. The inhibition 

could result from the displacement of testosterone by diazepam from the active site of the 

CYP3A enzyme, due to competitive binding. However, it is also possible that in vivo exposure to 

diazepam could have inhibited CYP3A-like activity, which would also lead to decreased 

testosterone metabolism. Diazepam has been shown to inhibit the metabolism of testosterone 6β-

hydroxylase activity (maximum 45%) in a dose-dependent manner at a site separate from the 

active site in human β-lymphoblastoid liver microsomes expressing CYP3A4 (Kenworthy et al., 
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2001). This study indicates that in human liver microsomes, CYP3A4 enzymes may have an 

allosteric site to which diazepam may bind and partially inhibit the metabolism of testosterone; 

however, this study was conducted in vitro with co-incubation of both compounds (Kenworthy et 

al., 2001). Non-CYP450 mediated metabolites, such as androstenedione and dihydrotestosterone, 

are formed through various dehydrogenases and reductases. In fish, androstenedione is formed 

through the activity of 17β-hydroxysteroid dehydrogenase (17β-HSD), whereas 

dihydrotestosterone is formed via 5α-reductase (Villeneuve et al., 2007). Diazepam exposure did 

not alter the formation of dihydrotestosterone; however, the formation of androstenedione was 

significantly increased following exposure to diazepam (p < 0.05). Female eastern mosquitofish 

(Gambusia holbrooki) have been shown to exhibit masculinization from exposure to pulp and 

paper mill effluent, which contained androstenedione at a concentration of 0.14 nM (Jenkins et 

al., 2001). Additionally, the concentration of androstenedione detected in the effluent was seven 

times lower than the concentration needed to exhibit androgen receptor activity (Jenkins et al., 

2001). Thus, androstenedione has the potential to exhibit endocrine disruption in teleost species 

and warrants further testing. Additional studies should be conducted to determine plasma 

concentrations of androstenedione as well as activity of steroidogenic enzymes involved in 

androstenedione formation (17β-hydroxysteroid dehydrogenase) following diazepam exposure. 

Only around 8% of the total diazepam in the in vitro system was converted into the 

known metabolites nordiazepam and temazepam, and oxazepam was not detected in the current 

study. Samples from the metabolic assay were also analyzed for the presence of any unknown 

metabolite(s) via LC-MS/MS. Nordiazepam and temazepam were the only metabolites detected 

in the samples, which further confirms the results of the in vitro metabolism study. These results 

are consistent with the finding that less than 10% of diazepam undergoes NADPH-catalyzed 
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metabolism in channel catfish liver microsomes. In humans, less than 2% of diazepam is 

excreted unchanged, with 98-99% metabolized in the liver into nordiazepam, temazepam and 

oxazepam (Mandrioli et al., 2008). Temazepam can be demethylated to form oxazepam or 

directly conjugated with glucuronides, whereas nordiazepam cannot undergo glucuronidation 

and must be converted into oxazepam for elimination (Mandrioli et al., 2008). Thus, it appears 

that channel catfish do not exhibit the same Phase I metabolic pathways as humans for the 

biotransformation of diazepam.  

 

Conclusions 

Based on data obtained from the present study, CYP3A-like enzymes may convert 

diazepam into temazepam. Oxazepam was not detected in any studies conducted, indicating that 

oxazepam may have been below detection limits. However, it is possible that in vitro fish 

microsomal incubations may not have been robust enough to fully convert diazepam into 

oxazepam, compared to in vivo exposures. Thus, incubations with nordiazepam or temazepam 

were performed and analyzed for the presence of oxazepam. Again, no oxazepam was detected, 

further confirming the theory that channel catfish may not catalyze appreciable concentrations of 

oxazepam (data not shown; LOD = 0.031 ppb).  

The in vitro assays exhibited large variability in results obtained in the present study, 

although livers from three fish were used for each pool to reduce variability. This could be due to 

sex differences, which may exhibit differential expression of CYP450 enzymes. Additionally, 

low sample size may partially cause the variability associated with the measurements. Cross 

reactivity among CYP450 enzymes is not identical for all fish species, thus, CYP3A inhibitors in 

rainbow trout may not inhibit the same isoform in channel catfish. Therefore, obtaining 
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inhibitors that are specific for a particular CYP450 enzyme in channel catfish would also 

increase the certainty of the isoforms involved in the biotransformation of diazepam. In the 

present study, more than one population of channel catfish was used to generate in vitro data; 

thus, population differences and seasonality could also attribute to the variability observed.  

Due to the large therapeutic presence and high abuse rate of benzodiazepines, there is a 

greater potential for aquatic organisms to be exposed to these compounds on a continual basis. 

Future work should aim at continuing to identify highly prescribed and abused compounds in 

surface waters so that scientists can begin to determine exposure concentrations. Additionally, 

benzodiazepines should be investigated for their potential effects on the endocrine system and 

any mechanisms underlying modulation of these physiological processes. The present work 

represents the first investigation of the possible metabolic pathway of a model benzodiazepine in 

fish. Although the specific metabolic pathway of diazepam in fish was not completely 

determined, these studies begin to provide evidence that some fish species may not possess the 

necessary enzymes needed to biotransform benzodiazepines to a large extent. These studies also 

provide evidence that the lack of CYP450-mediated metabolism may represent a risk for greater 

accumulation of these compounds, which may lead to increased toxicity and/or modulation of 

normal physiological processes. Thus, continued research into the environmental presence and 

effects of benzodiazepines is warranted. 

 

 43 



References 

 
Andersson T and Forlin L (1992). Regulation of the cytochrome P450 enzyme system in fish. 

Aquat. Toxicol. 24, 1-20.  
 
Buhler DR and Wang-Buhler J (1998). Rainbow trout cytochrome P450s: purification, molecular 

aspects, metabolic activity, induction and role in environmental monitoring. Comp. 
Biochem. Physiol. C Toxicol. Pharmacol. 121, 107-137.  

 
Buhler DR, Miranda CL, Henderson MC, Yang Y, Lee S and Wang-Buhler J (2000). Effects of 

17β-estradiol and testosterone on hepatic mRNA/protein levels and catalytic activities of 
CYP2M1, CYP2K1 and CYP3A27 in rainbow trout (Oncorhynchus mykiss). Toxicol. 
Appl. Pharmacol. 168, 91-101.  

 
Cowan-Ellsberry CE, Dyer SD, Erhardt S, Bernhard MJ, Roe AL, Dowty ME and Weisbrod AV 

(2008). Approach for extrapolation in vitro metabolism data to refine bioconcentration 
factor estimates. Chemosphere 70, 1804-1817.  

 
Goksoyr A and Forlin L (1992). The cytochrome P450 systems in fish, aquatic toxicology and 

environmental monitoring. Aquat. Toxicol. 22, 287-312.  
 
Gomez CF, Constantine L and Huggett DB (2010). The influence of gill and liver metabolism on 

the predicted bioconcentration of three pharmaceuticals in fish.  Chemosphere 81, 1189-
1195.  

 
Haasch ML (1996). Induction of anti-trout lauric acid hydroxylase immunoreactive proteins by 

peroxisome proliferators in bluegill and catfish. Mar. Environ. Res. 42(1-4), 287-291.  
 
Han X, Nabb DL, Yang C, Snajdr SI and Mingoia RT (2009). Liver microsomes and S9 from 

rainbow trout (Oncorhynchus mykiss): comparison of basal-level enzyme activities with 
rat and determination of xenobiotic intrinsic clearance in support of bioaccumulation 
assessment. Environ. Toxicol. Chem. 28(3), 481-488.  

 
James MO, Lou Z, Rowland-Faux L and Celander MC (2005). Properties and regional 

expression of a CYP3A-like protein in channel catfish intestine. Aquat. Toxicol. 72, 361-
371.  

 
James MO (2011). Steroid catabolism in marine and freshwater fish. J. Biochem. Mol. Biol. 127, 

167-175. 
 
Jenkins R, Angus, RA, McNatt H, Howell WM, Kemppainen JA, Kirk M and Wilson EM (2001). 

Identification of androstenedione in a river containing paper mill effluent. Environ. 
Toxicol. Chem. 20(6), 1325-1331.  

 

 44 



Kenworthy KE, Clarke SE, Andrews J and Houston JB (2001). Multisite kinetic models for 
CYP3A4: Simultaneous activation and inhibition of diazepam and testosterone 
metabolism. Drug Metabolism and Disposition 29(12):1644-1651.  

 
Lee S and Buhler DR (2002). Functional properties of a rainbow trout CYP3A27 expressed by 

recombinant baculovirus in insect cells. Drug Metab. Dispos. 30(12), 1406-1412.  
 
Lou Z, Johnson JV and James MO (2002). Intestinal and hepatic microsomal metabolism of 

testosterone and progesterone by a 3α-hydroxysteroid dehydrogenase to the 3α-hydroxy 
derivatives in the channel catfish, Ictalurus punctatus. J. Steroid Biochem. Mol. Biol. 82, 
413-424.  

 
Mandrioli R, Mercolini L and Raggi MA (2008). Benzodiazepine metabolism: an analytical 

perspective. Curr. Drug Metab. 9, 827-844.  
 
Martin-Skilton R, Lavado R, Thibaut R, Minier C and Porte C (2006). Evidence of endocrine 

alteration in the red mullet, Mullus barbatus from the NW Mediterranean. Environ. Pollut. 
141(1), 60-68.  

 
Miranda CL, Henderson MC and Buhler DR (1998). Evaluation of chemicals as inhibitors of 

trout cytochrome P450s. Toxicol. Appl. Pharmacol. 148, 237-244.  
 
Mosadeghi S, Furnes B, Matsuo AY and Schlenk D (2007). Expression and characterization of 

cytochrome P450 2X1 in channel catfish (Ictalurus punctatus). Biochim. Biophys. Acta. 
1770(7), 1045-1052.  

 
Perkins EJ and Schlenk D (1998). Immunochemical characterization of hepatic cytochrome P450 

isozymes in the channel catfish: assessment of sexual, developmental and treatment-
related effects. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 121(1-3), 
305-310. 

 
Popovic NT, Howell T, Babish JG and Bowser PR (2012). Cross-sectional study of the hepatic 

CYP1A and CYP3A enzymes in hybrid striped bass, channel catfish and Nile tilapia 
following oxytetracycline treatment. Res. Vet. Sci. 92, 283-291. 

 
Schlenk D, Ronis MJ, Miranda CL and Buhler DR (1993). Channel catfish liver 

monooxygenases: immunological characterization of constitutive cytochrome P450 and 
the  absence of active flavin-containing monooxygenases. Biochem. Pharmacol. 45(1), 
217-221. 

 
Schlenk D, Furnes B, Zhou X and Debusk BC (2002). Cloning and sequencing of cytochrome 

P450 2X1 from channel catfish (Ictalurus punctatus). Mar. Environ. Res. 54, 391-394.  
 
Schlenk D, Celander M, Gallagher EP, George S, James M, Kullman SW, van der Hurk P and 

Willett K (2008). Biotransformation in Fishes. In The Toxicology of Fishes (R.T. 
DiGiulio and D.E. Hinton) pp 153-234. CRC Press, US.  

 45 



Uno T, Ishizuka M and Itakura T (2012). Cytochrome P450 (CYP) in fish. Environ. Toxicol. 
Pharmacol. 34, 1-13. 

 
Villeneuve DL, Blake LS, Brodin JF, Greene KJ, Knobel I, Miracle AL, Martinovic D and 

Ankley GT (2007). Transcription of key genes regulating gonadal steroidogenesis in 
control and ketoconazole- or vinclozolin-exposed fathead minnows. Toxicol. Sci. 98(2), 
395-407.  

 
Wellborn TL (1988). Channel catfish: life history and biology. Southern Regional Aquaculture 

Center (SRAC) Publication No. 180.  
 

 

 

 

 46 



CHAPTER 3 

TISSUE-SPECIFIC BIOCONCENTRATION OF DIAZEPAM IN CHANNEL CATFISH 

(Ictalurus punctatus) 

 

Introduction 

Bioconcentration is simply defined as the absorption of a compound from water and 

subsequent accumulation in aquatic organisms (Weisbrod et al., 2007). Bioconcentration can be 

predicted using computer-aided models, which relies heavily on the logKOW, or lipophilicity, of 

the compound. This estimation is fairly accurate when dealing with nonpolar compounds; 

however, this prediction is relatively unknown when dealing with pharmaceuticals in general 

(Fick et al., 2010). Pharmaceuticals range from weak acids to weak bases and can take on 

various ionization forms, which has been shown to play a critical role in rates of uptake and 

bioavailability (Fick et al., 2010). 

Bioconcentration can be measured via in vivo laboratory studies resulting in a calculated 

bioconcentration factor (BCF), which may be expressed at steady-state conditions or as a kinetic 

factor (Weisbrod et al., 2007). The standard method for measuring bioconcentration is the OECD 

305 fish bioconcentration test, which is conducted in two phases: uptake and depuration (OECD, 

1996). In the uptake phase of the test, fish are exposed to specific concentrations of the test 

chemical for 28 days, or until equilibrium is reached (whichever comes first). Fish are then 

transferred into test vessels that are free from test chemical, and are allowed to depurate the test 

chemical until a significant amount has depurated (approximately 95%). The depuration phase 

usually equates to around half the duration of the uptake phase of the test (approximately 14 

days). A control group and solvent control group, if necessary, are conducted alongside the test 
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groups to provide a comparison. The concentration of test chemical is monitored throughout both 

phases of the test in the fish tissue and surrounding water, allowing the BCF to be calculated 

(OECD, 1996). The BCF is generally expressed using the total wet weight of the fish, although 

tissue-specific BCF values can be determined. BCF is sometimes calculated as a ratio of the rate 

constants of uptake and depuration (kinetic factor), assuming first-order kinetics (OECD, 1996). 

Since there is a positive correlation between the lipophilicity of a compound and its 

bioconcentration potential, there is also a positive correlation between the lipid content of fish 

and bioconcentration. Thus, the bioconcentration potential may also be determined based on lipid 

content of the fish (OECD, 1996). 

 Both types of BCF tests do not take into account metabolic processes that can potentially 

increase the elimination of compounds, thus decreasing their accumulation. However, studies 

have shown that incorporating metabolism data can help to refine both predicted and measured 

bioconcentration factors (Cowan-Ellsberry et al., 2008, Gomez et al., 2010).  For 

benzodiazepines, however, metabolic data in aquatic organisms is lacking. Thus, in vitro 

metabolism assays were conducted to determine the rate of metabolism of a model 

benzodiazepine, diazepam, in channel catfish. Channel catfish exhibited low rates of diazepam 

metabolism (see Chapter 2), meaning that predicted and measured BCF values may prove to be 

fairly accurate. However, this may not hold true for other teleost species, since metabolic 

enzymes are not conserved across all species.  

Additionally, the detection of these compounds in sewage effluent, surface waters, and 

fish tissues is increasing (Maruya et al., 2012, Phillips et al., 2010, Du et al., 2012, Kwon et al., 

2009). In Sweden, three wastewater treatment facilities were analyzed for the presence of 

pharmaceuticals in the effluent as well as plasma concentrations in rainbow trout (Oncorhynchus 
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mykiss), following exposure to the effluent (Fick et al., 2010). Oxazepam was detected in the 

wastewater effluent at concentrations ranging from 110-277 ng L-1, whereas the concentration in 

the plasma ranged from 0.2-0.7 ng mL-1 (Fick et al., 2010). Plasma steady-state BCF values were 

calculated for each location and resulted in values ranging from 0.7-3.6. A predicted BCF value 

was also calculated based on the logKOW for oxazepam, which resulted in a predicted BCF value 

of 7 (Fick et al., 2010).  

Due to the larger size of channel catfish, a full (42-day) bioconcentration test would 

require large amounts of space, supplies, time and would be very costly. However, abbreviated 

study designs (14-days) with channel catfish have been shown to result in similar BCF values to 

full study designs conducted with fathead minnow (Pimephales promelas) (Nallani et al., 2011, 

Garcia et al., 2012). Thus, a minimized study design was utilized consisting of a 7-day uptake 

and a 7-day depuration phase. 

 

Materials and Methods 

Test Materials 

Diazepam and D5 diazepam were purchased from Cerilliant Corporation (Round Rock, 

TX). HPLC grade acetonitrile, hexane, ethyl acetate and dimethylformamide (DMF) were 

purchased from Fisher Scientific (Pittsburgh, PA).  

 

In vivo Bioconcentration Test 

Juvenile channel catfish (Ictalurus punctatus, average length = 10.4 cm) were obtained 

from Pond King, Inc. (Gainesville, TX) and transported to the University of North Texas Aquatic 

Toxicology Laboratory. The fish were maintained in the laboratory in a re-circulating water 
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system with a 16:8 light/dark photoperiod and fed ad lib daily. The bioconcentration test was 

conducted according to the OECD 305 guidelines, using an abbreviated study design, consisting 

of a seven-day uptake phase and a seven-day depuration phase (OECD, 1996). Conditions for the 

test consisted of a 16:8 light/dark photoperiod, daily ad lib feedings, and a minimum of weekly 

monitored water quality measurements.  

A continuous flow-through diluter system was used to conduct the bioconcentration test. 

A peristaltic pump (Masterflex L/S, Cole-Parmer, Vernon Hill, Il) delivered de-chlorinated tap 

water at a rate of 200 mL/min to each mixing chamber. A syringe pump (PhD 2000, Warner 

Instruments, Hamden, CT) delivered stock solutions of either diazepam or DMF to each mixing 

chamber at a rate of 5 µL/min in 30 mL polycarbonate syringes (Becton Dickinson, Franklin 

Lakes, NJ). One mixing chamber was prepared for each tank. There were two replicate tanks for 

solvent control (DMF) and three replicate tanks for diazepam exposure. Each tank was analyzed 

for the presence of diazepam, nordiazepam, temazepam and oxazepam prior to the addition of 

drug into the water to determine the effectiveness of the de-chlorinated tap water as an exposure 

medium. Once drug delivery began, each tank was analyzed for the presence of chemicals at 24 

and 48 hours to determine when the desired concentration (1ppb) of diazepam was achieved. 

When exposure tanks reached this desired concentration, fish were then randomly added to the 

tanks. Water quality measurements for pH, temperature, dissolved oxygen, alkalinity and 

hardness were determined on days 0, 3, 7, 10 and 14. Tank water and fish were sampled on days 

0, 1, 3, 7, 10 and 14, for measured concentrations of diazepam, nordiazepam, temazepam & 

oxazepam.  
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Water Extractions 

De-chlorinated tap water was analyzed for the presence of diazepam, nordiazepam, 

temazepam and oxazepam to determine its appropriate use as exposure medium. Each individual 

tank was also analyzed for the presence of these chemicals after 24 and 48 hours of chemical 

exposure to either DMF or diazepam (prior to fish exposure), in order to determine when the 

tanks reached the desired concentration (1ppb) of diazepam. Once fish were added to the tanks 

(48 hours post drug exposure), water samples were measured on days 1, 3, 7, 10 and 14.  

 From each tank, 5mL of exposure water was transferred into a 15mL conical, glass 

centrifuge tube. To each tube, 2mL of hexane:ethyl acetate (1:1) and 5 µL D5 diazepam was 

added, vortexed and centrifuged at 5000 rpm for 5 minutes. The top solvent layer was removed 

and transferred into a clean centrifuge tube. This process was repeated three more times, pooling 

the solvent extracts, which were then completely dried under nitrogen and reconstituted to 1 mL 

with acetonitrile. All samples were then dried under nitrogen and reconstituted to 50 µL with 

acetonitrile and placed into a glass insert for analysis. To determine the concentration of 

diazepam, nordiazepam, temazepam and oxazepam, each sample was corrected for the 

concentration factor involved in the extraction process (100X).  

 

Tissue Extractions 

A method for the extraction of benzodiazepines from fish tissues was adapted and 

optimized based on previous studies (Kwon et al., 2009, Garcia et al., 2012, Nallani et al., 2011). 

Fish (n = 3) were removed from standard laboratory conditions for day zero measurements. Fish 

(n = 3) were removed from solvent control and diazepam exposed tanks on days 1, 3, 7, 10 and 

14. For each fish, standard length and wet weights were determined prior to dissections. Each 
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fish was then dissected to obtain plasma, liver, muscle, gonad and brain tissues. Blood samples 

were placed in microcentrifuge tubes and centrifuged at 2500 rpm for five minutes. The resulting 

supernatant layer (plasma) was removed and transferred into a new microcentrifuge tube, where 

they were stored at -80°C until further analysis. Fish tissues were individually weighed and 

frozen at -80°C until further analysis. 

 Liver, muscle, gonad and brain samples were placed in 4 mL glass amber vials with 2 mL 

of acetonitrile, and samples were spiked with 10 µL of D5 diazepam Each sample was 

homogenized using a Tissuemiser Homogenizer (Fisher Scientific, Pittsburgh, PA) and poured 

into 15 mL conical, glass centrifuge tubes. Amber vials were then rinsed with 1 mL of 

acetonitrile and added to the centrifuge tubes. Centrifuge tubes were then centrifuged at 5000 

rpm for approximately five minutes to pellet the tissue. The supernatant was removed from each 

tube and transferred into new centrifuge tubes. This extraction process was repeated twice more, 

rinsing the amber vial with 2 mL of acetonitrile each time. Extract pools were then dried under 

nitrogen to complete dryness, reconstituted to 1 mL with acetonitrile and transferred into 2 mL 

amber vials, dried again and then reconstituted to 100 µL with acetonitrile. The 100 µL extracts 

were transferred into a glass insert and frozen overnight to precipitate out any lipids. The top 50 

µL from each insert was then transferred into a new insert for analysis. Each sample was 

analyzed for the presence of diazepam, nordiazepam, temazepam and oxazepam.  

Plasma samples (100 µL) were placed directly into 15 mL conical, glass centrifuge tubes 

containing 2 mL of Milli-Q water and 3 mL of hexane:ethyl acetate (1:1). Samples were spiked 

with 10 µL of D5 diazepam and centrifuged at 5000 rpm for approximately five minutes to 

separate the liquid phases. The top solvent layer was removed from each tube and transferred 

into new centrifuge tubes. This extraction process was repeated twice more adding 2 mL of 
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acetonitrile each time. Extract pools were then dried under nitrogen to complete dryness, 

reconstituted to 1 mL with acetonitrile and transferred into 2 mL amber vials, dried again and 

then reconstituted to 100 µL with acetonitrile. The 100 µL extracts were placed into a glass 

insert and frozen overnight to precipitate out any lipids. The top 50 µL from each insert was then 

transferred into a new insert for analysis. Each sample was analyzed for the presence of 

diazepam, nordiazepam, temazepam and oxazepam. 

 

Liquid Chromatography Mass Spectrometry 

Separation and identification of all compounds for tissue and water extractions was 

achieved using a Waters 2695 Separation Module with a Sunfire C18 column (2.1 X 50 mm, 3.5 

µm particle size) coupled to a Micromass Quattro Ultima tandem mass spectrometer using 

positive electrospray (ESI+) ionization. Multiple reaction monitoring (MRM) was used to 

identify compounds with the following mass transitions: D5-diazepam (m/z 290>198), diazepam 

(m/z 285>193), nordiazepam (m/z 271>140), temazepam (m/z 301>255) and oxazepam (m/z 

287>241). Detection and quantification was conducted using MassLynx software (version 4.1). 

 

Instrumental Limits of Detection 

The instrumental limits of detection (LOD) were determined for all benzodiazepines 

analyzed. The LOD was determined by a duplicate analysis of serially diluted analytical 

standards from 1000 to 0.031 ppb. The first analysis allowed for the determination of intra-assay 

variation, which was then stored at 4°C for 96 hours and re-analyzed for inter-assay variation (n 

= 4 per compound per analysis). A two-way analysis of variance (ANOVA) of the two analyses 

revealed no significant differences, thus, the calculation of mean (n = 8) precision and accuracy 
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was conducted. Moreover, signal to noise ratios for each compound per concentration were 

analyzed and the lowest concentration associated with a mean signal to noise ratio > 3 was 

considered to be the limit of detection for each compound (Hala et al., 2012).  

 

Results 

Limits of Detection 

Serially diluted analytical standards (1000 ppb – 0.031 ppb) were used to determine the 

limits of detection for each compound, with D5 diazepam used as the internal standard for all 

compounds. Each standard was analyzed four times, stored at 4°C for 96 hours, and re-analyzed 

four times each. Mean total percent precision and accuracy, as well as mean signal to noise ratios 

were calculated for the pooled (n = 8) data. Using the signal to noise ratio ≥ 3 as the selection 

criteria, the instrumental limits of detection were determined for each compound (3.1) (Hala et 

al., 2012).  

 

TABLE 3.1 

Limit of Detection (LOD) for Diazepam, Nordiazepam, Temazepam and Oxazepam (n = 8) 

Compound % Precision % Accuracy Signal: Noise  LOD (ppb) 

Diazepam 93.03 321.94 6.40 0.031 

Nordiazepam 81.99 172.54 4.13 0.122 

Temazepam 81.75 215.04 6.42 0.031 

Oxazepam 129.45 263.08 4.51 0.031 

 

 54 



Water Extractions 

Diazepam was below detection in solvent control tanks during both the uptake and 

depuration phases of the study. The average concentration of diazepam in treated tanks during 

the uptake phase was 1.19 ± 0.53 µg/L, while diazepam was below detection during the 

depuration phase. Nordiazepam was detected in both solvent control and treated tanks; however 

concentrations were very low. Thus, nordiazepam concentrations in the treated tanks were 

corrected for the background concentration present in the exposure water. Temazepam was not 

detected in solvent control or treated tanks throughout any portion of the study. Oxazepam was 

identified in the uptake and depuration phases in solvent control tanks, but was below detection 

in treated tanks. The average concentration of all compounds detected in the water samples for 

both the uptake and depuration phases is shown below and includes correction for the extraction 

concentration factor (100X) (Table 3.2-3.3). Water quality measurements for solvent control and 

treated tanks were conducted on days 0, 3, 7, 10 and 14 for pH, temperature, dissolved oxygen, 

alkalinity and hardness (Table 3.4).  

TABLE 3.2 

Average Concentration (µg/L ± SD) of Diazepam, Nordiazepam, Temazepam and 
Oxazepam From Water Extractions in Solvent Control (SC) Tanks. 

 Diazepam Nordiazepam Temazepam Oxazepam 

Uptake ND 0.0007 ±0.001 ND 0.002 ± 0.003 

Depuration ND 0.002 ± 0.001 ND 0.005 ± 0.0001 

Uptake (n = 8) and depuration (n = 4) 

ND = below detection (see table 3.1) 
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  TABLE 3.3 

Average Concentration (µg/L ± SD) of Diazepam, Nordiazepam, Temazepam and 
Oxazepam From Water Extractions in Treated Tanks. 

 Diazepam Nordiazepam Temazepam Oxazepam 

Uptake 1.19 ± 0.53 0.0003 ± 0.001 ND ND 

Depuration ND 0.0004 ± 0.0002 ND ND 

Uptake (n = 12) and depuration (n = 6) 

ND = below detection (see table 3.1) 

 
 

TABLE 3.4 

Average Water Quality (Measurement ± SD) for Solvent Control (n = 8) and Treated 
Tanks (n = 12) 

Tank pH Temperature  
(°C) 

Dissolved 
oxygen 
(mg/L) 

Alkalinity 
(mg/L as 
CaCO3) 

Hardness 
(mg/L as 
CaCO3) 

Solvent 
Control 

7.21 ± 0.18 18.85 ± 0.46  8.89 ± 0.21 90 ± 7.56  104 ± 10.69  

Treated 7.35 ± 0.12 18.55 ± 0.40 8.86 ± 0.18 90 ± 7.36  105 ± 10.39  

 

Extraction Efficiency 

Channel catfish plasma, liver, muscle and brain tissues were utilized for spiking 

experiments in order to determine recovery of each compound per tissue. Various solvent 

combinations were tested to determine the appropriate solvent for the extraction of 

benzodiazpines from channel catfish tissues. In all trials, samples were spiked such that the final 

concentration of each compound analyzed was 100 ppb. Percent recovery was calculated in each 
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tissue per compound for each extraction method tested (Table 3.5). Hexane: ethyl acetate (1:1) 

was initially tested based on extraction success with other pharmaceuticals in our laboratory 

(Garcia et al., 2012, Nallani et al., 2011). However, the extraction of the internal standard (D5 

diazpeam) was < 64% in all tissues analyzed, thus grossly overestimating the extraction 

efficiency of the benzodiazepine compounds. A method by Kwon et al., (2009) was then tested, 

since the authors exhibited 82-86% recovery of diazepam in the liver of channel catfish liver 

tissue using hexane as the sole extraction solvent. In the present study, the recovery of the 

internal standard was low (< 19%), invalidating the extraction efficiency of the benzodiazepine 

compounds. Additionally, the study by Kwon et al., (2009) did not report extraction recoveries 

for internal standards in their methods.  

Channel catfish tissue spiking experiments were then tested using acetonitrile as the 

extraction solvent, which resulted in > 83% recovery of the internal standard for all tissues 

analyzed. The percent recoveries ranged from 71 to 115% for the all benzodiazepines analyzed 

(Table 3.6). Thus, acetonitrile was used as the sole extraction solvent for benzodiazepines from 

catfish tissues.  

 TABLE 3.5 

Percent Ranges of Recovery of Diazepam, Nordiazepam, Temazepam and Oxazepam for 
Each Extraction Method Tested. 

Extraction 
Method 

D5 Diazepam Diazepam Nordiazepam Temazepam Oxazepam 

Hex:EA1 36-64% 86-106% 69-106% 103-136% 46-102% 

Hexane2 15-18% 115-118% 56-160% 194-260% 3-147% 

1 sample size for hex:ea extractions (n = 4) 
2 sample size for hexane extractions (n = 2) 
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TABLE 3.6 

Recovery (Percent ± SD) of Diazepam, Nordiazepam, Temazepam and Oxazepam From 
Each Tissue (n = 4) Analyzed. 

Tissue D5 Diazepam Diazepam Nordiazepam Temazepam Oxazepam 

Plasma 83.28 ± 19.16  99.62 ± 3.46 99.04 ± 17.41 71.20 ± 11.51  115.74 ± 37.82 

Liver 102.09 ± 10.81 91.23 ± 7.54 99.20 ± 13.45 76.57 ± 3.37 87.53 ± 13.52 

Muscle 102.25 ± 19.92 95.48 ± 5.79 107.19 ± 10.69 79.26 ± 8.41 77.69 ± 6.01 

Brain 101.84 ± 7.25 94.86 ± 2.42 93.59 ± 14.02 75.41 ± 7.63 87.79 ± 18.64 

 

Tissue Extractions 

The concentration of diazepam was measured in plasma, liver, muscle, gonad and brain 

as well as the exposure water to determine the bioconcentration factor (BCF). The average 

concentration of diazepam in the fish (n = 3; except gonad n = 2) during the uptake phase (days 

0-7) resulted in 5.24 ng/mL for plasma and 17.18, 5.68, 5.66 and 12.76 ng/g wet weight for liver, 

muscle, gonad and brain, respectively. During the depuration phase (days 7-14), the 

concentration of diazepam was below detection in all tissues except for gonad (Fig. 3.1). 

Bioconcentration factor (BCF) for diazepam in each tissue analyzed was calculated as a steady-

state value (BCFss), as well as a kinetic factor (BCFk). The BCFss was calculated based upon 

simply the ratio of the concentration of diazepam in each fish tissue (Cf) to the concentration in 

the exposure water (Cw) at steady-state (Eq. 5) (OECD, 1996). From the average tissue and 

exposure water concentrations, rate constants for both the uptake and depuration phases were 

calculated for each tissue analyzed in order to calculate the BCFk. The uptake rate constant (k1) 

describes the rate of the increase in diazepam concentration in each fish tissue during the 
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exposure phase of the study (days 0-7); whereas the depuration rate constant (k2) describes the 

rate of the decrease in diazepam concentration in each tissue following removal of diazepam 

from the exposure water (days 7-14) (OECD, 1996). To calculate the tissue-specific BCFk, the 

uptake rate constant (k1) was divided by the depuration constant (k2) for each tissue (Eq. 6). The 

BCFss and BCFk for each tissue are shown below (Table 3.7). Additionally, the concentration of 

the metabolites nordiazepam, temazepam and oxazepam were measured in each tissue 

throughout the study to determine the in vivo biotransformation of diazepam as well as their 

distribution into various tissues. The concentration of each metabolite per tissue is shown below 

(Table 3.8).  

BCFss = Cf/Cw (Eq. 5) 

BCFk = k1/k2 (Eq. 6)  

 
TABLE 3.7 

Tissue-Specific Bioconcentration Factors (BCF). 

 Plasma Liver Muscle Gonad Brain 

BCFss 4.36 14.30 4.73 4.71 10.62 

BCFk 146.25 9.76 2.11 45.00 15.00 

BCFss = steady-state bioconcentration factor 

BCFk = kinetic bioconcentration factor 
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FIG 3.1. The concentration of diazepam in all tissues analyzed during the uptake (days 0-7) and depuration (days 7-
14) phases of the bioconcentration test. Data points are represented by ng/g wet weight or ng/mL ± standard 

deviation (n = 3). 
 
 

TABLE 3.8 

Concentration (ng/g Wet Weight ± SD) of the Metabolites Nordiazepam, Temazepam and 
Oxazepam at Day Seven in Tissues Analyzed (n = 3) 

Tissue Nordiazepam Temazepam Oxazepam 

Plasma 0.04 ± 0.47 0.11 ± 0.03 0.32 ± 0.55 

Liver 0.47 ± 0.06 0.21 ± 0.39 0.25 ± 0.08 

Muscle 0.07 ± 0.18 0.20 ± 0.12 ND 

Gonad 1.21 ± 2.31 0.47 ± 1.49 0.52 ± 2.61 

Brain 0.35 ± 0.06 0.28 ± 0.08 ND 
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Discussion 

Bioconcentration data for most chemicals, including pharmaceuticals, is lacking due to 

the large number of chemicals that need to be tested and the costs involved with conducting 

bioconcentration tests. However, there are data present for a few pharmaceuticals in various 

types of aquatic organisms. Carbamazepine and ibuprofen have both been tested for their tissue-

specific bioconcentration (kinetic) potential in channel catfish, resulting in values of 1.8-7.1 and 

0.22-1.43, respectively (Nallani et al., 2011, Garcia et al., 2012). The bioconcentration potential 

of pharmaceuticals has also been investigated following exposure to reclaimed water in the 

western mosquitofish (Gambusia holbrooki) for 7 days (Wang and Gardinaldi 2013). Although 

26 pharmaceuticals were detected in the exposure water, only diphenhydramine, diltiazem, 

carbamazepine, and ibuprofen were found in the fish (whole-body analysis). Kinetic BCF values 

ranged from 0.23-29 for these five compounds (Wang and Gardinaldi 2013). Al-Ansari et al., 

(2013) determined the kinetic BCF for 17α-ethinylestradiol in male goldfish (Carassius auratus), 

which resulted in a value of 377, similar to data produced by other authors in various fish species.  

Although diazepam is widely used in human medicine and has been detected in the 

environment, as well as fish tissues, there is currently a lack of ecotoxicological data for 

benzodiazepines in aquatic organisms (Oggier et al., 2011). Diazepam exhibits a logKOW ranging 

from 2.82-2.99, which is moderately lipophilic, indicating that diazepam would not be expected 

to bioconcentrate. However, few studies have investigated the potential of diazepam to 

bioconcentrate (Fisher, 1995). Gomez et al., (2012) exhibited a kinetic BCF value of 51 mL g-1 

following seven days of exposure to 13.2 µg L-1 diazepam in marine mussels (Mytilus 

galloprovincialis). Additionally, two aquatic invertebrates, the freshwater shrimp (Gammarus 

pulex) and the water boatman (Notonecta glauca), exhibited kinetic BCF values of 37.47 and 
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0.980 L kg-1, respectively (Meredith-Williams et al., 2012). However, all of these BCF values 

mentioned are all well below the regulatory threshold for a chemical to be considered to 

bioconcentrate (Cowan-Ellsberry et al., 2008). The Registration, Evaluation and Authorization of 

Chemicals (REACH) in the European Union considers a chemical bioaccumulative or very 

bioaccumulative if the BCF is greater than 2000 or 5000, respectively (Cowan-Ellsberry et al., 

2008). Other countries, such as the United States, Canada, Japan and Australia, consider 

chemicals to be bioaccumulative if their BCF value is greater than 5000 according to various 

regulatory agencies that align with the Stockholm Convention (Cowan-Ellsberry et al., 2008). 

Diazepam reached steady-state concentrations in the present study in all tissues within 24 

hours of exposure to 1ppb, which indicates that diazepam is rapidly absorbed from the exposure 

water and distributed to the various tissues analyzed. Once fish were removed from the exposure 

water (day 7) and returned to water free from diazepam, they were able to eliminate diazepam 

from all tissues except the gonad in 3 days. However, because juvenile fish were used in this 

study, not all catfish sampled exhibited defined gonadal tissue, resulting in low sample size (n < 

3). In humans, a significant portion of diazepam is metabolized to active intermediates, which 

are then further metabolized into other metabolites or are conjugated via Phase II reactions, to 

increase their elimination (Mandrioli et al., 2008). Based on the in vitro metabolism data 

generated in liver microsomes of catfish with diazepam (see chapter 2), channel catfish are only 

able to metabolize a small portion (8%) of diazepam into active intermediates. This lack of 

metabolism would indicate some other mechanism for the elimination of diazepam from the 

tissue during the depuration phase (days 7-14) of the study. In humans, diazepam is not directly 

conjugated; however, it may be possible that diazepam is directly conjugated in channel catfish, 

 62 



aiding in its elimination once exposure is removed (Charney et al., 2001). Diazepam may also be 

directly eliminated from catfish, without undergoing significant metabolism.  

In this study, diazepam resulted in tissue-specific BCFk of 2.11, 9.76, 15, 45 and 146.25 for 

muscle, liver, brain, gonad and plasma, respectively. Although these measured BCFk values are 

relatively low compared to the regulatory thresholds to be considered to bioconcentrate, they do 

fall within the range of previous studies with diazepam in other aquatic models.  

Kwon et al., (2009) measured the concentration of diazepam in the livers of turbot 

(Pleuronichthys verticalis) from five locations located near wastewater treatment outfalls off the 

coast of California, resulting in concentrations ranging from 23-110 ng/g (wet weight). However, 

diazepam was only detected in approximately 20% of sediment samples from the same locations 

the fish were sampled and measured concentrations were less than 1 μg/kg (Maruya et al., 2012). 

The concentration of diazepam measured in the liver tissue in the study by Kwon et al., (2009) 

are similar to those in the present study, which resulted in an average concentration of diazepam 

of 17.18 ng/g (wet weight) ±1.92 following exposure to 1 µg/L diazepam for seven days. The 

detection of diazepam in fish livers indicates that there is some potential for diazepam to 

accumulate, which could be attributed to the bioconcentration or bioaccumulation of diazepam, 

via exposure to water or dietary sources, respectively. It has been shown that diazepam 

bioconcentrates in smaller aquatic organisms, such as marine mussels, freshwater shrimp and 

water boatman; thus, predatory animals may potentially bioaccumulate diazepam following 

lifetime exposure. Diazepam could potentially reach measured concentrations in larger and/or 

older fish species, such as the turbot, via biomagnification. Increased fish size results in 

increased consumption in the amount and size of prey, which increases overall contaminant input 

over time (Volta et al., 2009). Furthermore, older fishes exhibit decreased gill ventilation rates, 
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as well as decreased growth rates, which decreases contaminant elimination and dilution (van der 

Oost et al., 2003; Volta et al., 2009). 

In humans, benzodiazepines are rapidly distributed to the brain, which is the main site of 

action, as well as other highly perfused tissues, such as the liver and the gonads (Charney et al., 

2001). Following this initial uptake phase, benzodiazepines are redistributed into less perfused 

tissues, such as muscle tissue and fat stores (Charney et al., 2001). However, the kinetics of 

diazepam are further complicated by its ability to undergo enterohepatic recirculation, in which 

compounds are transported from the liver back to the small intestine for reabsorption (Charney et 

al., 2001). This pattern of diazepam distribution is in line with the BCFk calculated for each 

tissue. The highest BCFk value was measured in the plasma, which is not surprising, considering 

that human plasma protein binding is extremely high (98%) (Charney et al., 2001). However, the 

measured BCF values for gonad, brain, liver and muscle followed an inverse pattern of 

distribution compared to blood perfusion of the tissue. Adult channel catfish (870 ± 144 g) have 

been shown to exhibit high blood flow (as a percentage of cardiac output) to the white muscle 

(72%), followed by the liver (2%), with the gonads and brain exhibiting less than 0.5% blood 

flow (Schultz et al., 1999). However, adult channel catfish exhibited a negative allometry, 

meaning that organ weight decreased as body weight increased. The authors then estimated 

tissue perfusion in smaller catfish (5 g) based on calculations used for the adult fish, which 

predicted that blood perfusion would increase to visceral tissues 4-16 fold across body size 

ranges from 5-870 grams (Schultz et al., 1999). Thus, the distribution of diazepam in juvenile 

catfish used in the present study may be accurate based on blood flow rates to each tissue 

analyzed. Physiological parameters in juvenile fish are lacking, but would provide a better 

indication of tissue perfusion to use physiologically based pharmacokinetic modeling to estimate 
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the distribution and accumulation of tissues in fish. The present study did not measure diazepam 

concentrations in the bile or fat stores, which would give a better indication of the full 

distribution profile of diazepam.  

 The concentration of diazepam measured in the plasma (5.24 µg/L) in the present study is 

much lower than therapeutic concentrations in humans (0.2-1.5 mg/L), indicating that juvenile 

channel catfish would not exhibit any therapeutic effect (Jones and Holmgren 2012). Due to the 

low biotransformation of diazepam, the distribution of metabolites was also investigated in vivo 

to determine if metabolism occurred to a similar extent. Additionally, oxazepam was monitored 

in vivo due to its absence from in vitro metabolism studies. In the plasma, the concentration of all 

metabolites was less than 1.5 ng/mL, with temazepam exhibiting the highest concentration. The 

concentration of nordiazepam, temazepam and oxazepam detected in the liver, muscle, gonad 

and brain was highly variable, mostly likely due to the low sample size (n = 3, except gonad n = 

2). However, temazepam exhibited the highest concentration by day seven in all tissues 

examined. Oxazepam was detected in some samples, but the concentrations were at or near the 

detection limit. This pattern of metabolite formation is similar to that observed from in vitro 

studies (chapter 2), with very little metabolite identified following exposure to diazepam.  

 The concentration of diazepam detected in the liver of catfish (0.05 pmol) following 

seven days of exposure in vivo exposure to diazepam (1 µg/L) was sufficient to significantly 

inhibit testosterone 6β-hydroxylation by 57% (see chapter 2). CYP450 enzymes play an 

important role in steroid biosynthesis in teleost fishes (Buhler et al., 2000). In rainbow trout, 

increases in CYP450 activity during sexual maturation coincided with increases in plasma 

androgen concentrations (Buhler et al., 2000). Fathead minnows (Pimephales promelas) exposed 

to propiconazole, a non-specific CYP450 inhibitor, for 21 days resulted in decreased plasma 
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estradiol and vitellogenin concentrations as well as decreased egg production (Skolness et al., 

2013). These studies show that inhibition of CYP450 enzymes may play a critical role in the 

modulation of steroidogenesis and that environmental contaminants, such as diazepam, that 

interact with CYP450 enzymes may have the potential to cause endocrine disruption. 

In mouse MA-10 leydig cells, diazepam exhibited a dose dependent induction of steroid 

biosynthesis (Papadopoulos et al., 1990). Additionally, diazepam (10-5-10-4 M) was shown to 

induce testosterone production in testicular interstitial cell suspensions (Ritta and Calandra 1989). 

In mouse ovarian follicles, diazepam (≥ 5 µg/mL) exhibited a dose dependent reduction in 

follicle growth and differentiation, while concentrations of 20 µg/mL resulted in follicles that 

remained in the follicular stage (Van Wemmel et al., 2005). Additionally, follicles exposed to 

diazepam at a concentration of 15 µg/mL for 12 days resulted in a 10-fold increase in 

testosterone concentrations, while progesterone concentrations increased in a dose dependent 

manner following diazepam exposure (Van Wemmel et al., 2005). Thus, these studies show that 

diazepam has the potential to impair endpoints other than lethality, such as reproduction and 

steroidogenesis. However, the concentration of diazepam in the gonad of the present study (5.66 

± 2.51 ng/g) is well below the concentrations that exhibited adverse effects in these studies.  

 Due to the high use of diazepam in medicine, along with its illegal usage, aquatic 

organisms may be continually exposed to low levels of diazepam and other benzodiazepines. 

Although these exposure concentrations may not cause acute effects, their lack of 

biotransformation and ability to accumulate (BCF > 1) warrants further investigation.  
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CHAPTER 4 
 

INVESTIGATION OF STEROIDOGENESIS AND MODULATION OF STEROIDOGENIC 

GENE TRANSCRIPTS FOLLOWING EXPOSURE TO DIAZEPAM 

 IN CHANNEL CATFISH (Ictalurus punctatus)  

 

Introduction 

Steroidogenesis represents an important mechanism for controlling many physiological 

processes in fish, namely reproduction. Reproduction is primarily accomplished through the 

actions of the hypothalamic-pituitary-gonadal (HPG) axis (Vajda and Norris 2011). 

Gonadotropin hormones (GtH) secreted from the anterior pituitary, such as follicle stimulating 

hormone (FSH) and lutenizing hormone (LH), as well as prolactin, growth hormone (GH), 

adrenocorticotropic hormone (ACTH) and thyroid stimulating hormone (TSH), all contribute to 

the reproductive process (Levavi-Sivan et al., 2010). FSH and LH directly control gonadal 

development and function, whereas GH and TSH indirectly influence reproduction by regulating 

other physiological processes such as cellular reproduction, growth and regeneration and 

metabolism, respectively (Levavi-Sivan et al., 2010). The secretion of FSH and LH from the 

pituitary is regulated by the interaction of neurohormones, such as gonadotropin-releasing 

hormone, dopamine, GABA, norepinephrine among others, with the hypothalamus (Levavi-

Sivan et al., 2010). Additionally, the secretion of endocrine hormones from peripheral organs 

and paracrine factors acting on the pituitary itself can regulate GtH release from the pituitary 

(Levavi-Sivan et al., 2010). Gonadotropins migrate to the gonads (testis and ovaries) where they 

regulate follicle production, ovulation, spermatogenesis and steroidogenesis via the production of 

estrogenic hormones, such as 17β-estradiol and androgenic steroid hormones, such as 
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testosterone and 11-ketotestosterone (Levavi-Sivan et al., 2010, Vajda and Norris 2011). 

Moreover, steroids produced in the gonads will then positively or negatively modulate FSH and 

LH synthesis and secretion by acting on the hypothalamus and/or pituitary gland (Levavi-Sivan 

et al., 2010).  

The production of steroid hormones, which is regulated primarily by FSH and LH, may 

exhibit acute or long-term changes due to interactions at the molecular level (Kumar et al., 2000). 

In mammals, acute changes in steroidogenesis are mediated through non-enzymatic regulation, 

such as the mobilization of cholesterol via the steroidogenic acute regulatory protein (StAR) as 

well as the translocator protein (TSPO). In contrast, chronic changes in steroidogenesis, such as 

modulation of steroid hormone concentrations, are mediated by changes in gene expression of 

key steroidogenic enzymes (Kumar et al., 2000). In fish, investigation of molecular mechanisms 

responsible for changes in steroidogenesis are lacking due to incomplete gene data for most 

teleost species (Kumar et al., 2000). However, numerous steroidogenic genes have been 

identified and sequenced in channel catfish to understand seasonal variation in production of 

steroid hormones and expression of steroidogenic enzymes (Kumar et al., 2000).  

The steroidogenic pathway in fish begins with the transfer of cholesterol across the 

mitochondrial membrane via StAR, in association with other membrane proteins such as TSPO, 

the voltage-dependent anion channel (VDAC) and the adenine nucleotide transporter (ANT) 

(Villenueve et al., 2007, Doperalski et al., 2011) (Fig. 4.1). Transfer of cholesterol across the 

mitochondrial membrane is the rate-limiting step in steroidogenesis, because cholesterol is the 

precursor for the production of all steroid hormones (Doperalski et al., 2011). Once inside the 

mitochondria, cholesterol is converted into pregnenolone via CYP450 side chain cleavage 
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(P450scc), which leaves the mitochondria and undergoes a series of reactions catalyzed by 

various enzymes to produce all other steroid hormones (Fig. 6) (Villenueve et al., 2007).  

GABA, which is found in high concentration in the hypothalamus, interacts with the 

endocrine system (Kah and Dufor 2011). In goldfish, GABA-containing nerve fibers in the 

hypothalamus are found relatively close in location to gonadotropic cells in the pituitary (Levavi-

Sivan et al., 2010). GABA has been shown to increase LH secretion through the modulation of 

GnRH release as well as an increase in serum GtH hormones in goldfish (Kah and Dufor 2011). 

This stimulatory effect of GABA on GtH production was inhibited in female goldfish treated 

with estradiol, but remained in male goldfish treated with testosterone (Kah and Dufor 2011). 

 

FIG 4.1. Steroidogenesis pathway in fish (adapted from Villeneuve et al., 2007).  
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Additionally, estradiol exposure resulted in a decrease in GABA within the brain, while 

testosterone exposure resulted in no difference (Kah and Dufor 2011). Testosterone and 

progesterone produced in the gonads have been shown to decrease GABA production in the 

brain, whereas estradiol increases GABA production (Kah and Dufor 2011). In male and female 

rainbow trout, GABA increased FSH and LH secretion both in vivo and in vitro (Levavi-Sivan et 

al., 2010). GABA is thought to increase GtH release by modulating GnRH release from the 

hypothalamus (Levavi-Sivan et al., 2010). Thus, modulation of GABA concentration may have a 

profound effect on steroid production, and vice versa.  

Diazepam has been shown to influence GABA concentrations in the brain, which may 

potentially modulate GtH production in channel catfish, leading to alterations in steroid hormone 

production. Additionally, diazepam has been shown to interact with TSPO, which may have a 

profound effect on steroidogenesis at the molecular level by altering the rate-limiting step for 

steroidogenesis. The TSPO is responsible for the transfer of cholesterol from the outer to inner 

membrane of the mitochondria, which is the rate-limiting step in steroid production. Ligand 

binding to TSPO induces the transport of cholesterol, which increases the production of steroids 

(Papadopoulos et al., 2006). The TSPO has recently been identified in the gonads of largemouth 

bass (Micropterus salmoides), where it was shown to increase with reproductive stages in male 

fish and was positively correlated with circulating levels of testosterone (Doperalski et al., 2011). 

In female bass, TSPO expression decreased with increasing reproductive stages and was 

negatively correlated with circulating levels of testosterone (Doperalski et al., 2011). These 

studies show that benzodiazepines may have the potential to interact with the endocrine system 

in fish by binding to TSPO and modulating the production of steroids within the CNS as well as 

peripheral tissues.  
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The purpose of this study was to investigate the interactions between diazepam exposure 

and modulation of steroidogenesis in channel catfish. The concentrations of the steroid 

hormones: progesterone, pregnenolone, 11-ketotestosterone (11-KT), 17α-hydroxyprogesterone, 

testosterone, 11-deoxycortisol (11-DC), 17α, 20β-dihydroxy-4-pregnen-3-one (17, 20-DP), 

estradiol and estrone were examined in the plasma, gonad and brain. Additionally, the present 

study examined the modulation of the mRNA transcripts of TSPO, P450scc and 3β-

hydroxysteroid dehydrogenase (3β-HSD) in the gonad and brain tissue following in vivo 

exposure to diazepam for 7 days.  

 

Materials and Methods 

Test Materials 

Diazepam and D5 diazepam were purchased from Cerilliant Corporation (Round Rock, 

TX). HPLC grade acetonitrile, hexane, ethyl acetate and dimethylformamide (DMF) were 

purchased from Fisher Scientific (Pittsburgh, PA).  TRI reagent, chloroform, isopropanol, 

ethanol and Tris-EDTA buffer were purchased from Sigma-Aldrich (St. Louis, MO). Forward 

and reverse primers for 18S, TSPO, P450scc and 3β-HSD were purchased from Invitrogen 

(Grand Island, NY). The SYBR Green RT-PCR kit was purchased from Qiagen (Valencia, CA).  

 

In vivo Diazepam Exposure 

Juvenile channel catfish (average length = 11.3 cm) were obtained from Pond King, Inc. 

(Gainesville, TX) and transported to the University of North Texas Aquatic Toxicology 

Laboratory. The fish were maintained in the laboratory in a re-circulating water system with a 

16:8 light/dark photoperiod and fed ad lib daily. The exposure was conducted according to the 
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OECD 305 guidelines, using an abbreviated study design, consisting of a seven-day uptake phase 

only (OECD, 1996). Conditions for the test consisted of a 16:8 light/dark photoperiod, daily ad 

lib feedings, and a minimum of weekly monitored water quality measurements.  

A continuous flow-through diluter system was used to conduct the exposure. A peristaltic 

pump (Masterflex L/S, Cole-Parmer, Vernon Hill, Il) delivered dechlorinated tap water at a rate 

of 200 mL/min to each mixing chamber. A syringe pump (PhD 2000, Warner Instruments, 

Hamden, CT) delivered stock solutions of either diazepam or DMF to each mixing chamber at a 

rate of 5 uL/min in 30 mL polycarbonate syringes (Becton Dickinson, Franklin Lakes, NJ). One 

mixing chamber was prepared for each tank. There were two replicate tanks for solvent control 

(DMF) and three replicate tanks for diazepam exposure. Each tank was analyzed for the presence 

of diazepam, nordiazepam, temazepam and oxazepam prior to the addition of drug into the water 

to determine the effectiveness of the de-chlorinated tap water as an exposure medium. Once drug 

delivery began, each tank was analyzed for the presence of chemicals at 24 and 48 hours to 

determine when the desired concentration (1ppb) of diazepam was achieved. When exposure 

tanks reached this desired concentration, fish were then randomly added to the tanks. Water 

quality measurements for pH, temperature, dissolved oxygen, alkalinity and hardness were 

determined on days 0, 3 and 7. Tank water was sampled on days 0, 3, 5 and 7 for measured 

concentrations of diazepam, nordiazepam, temazepam & oxazepam. Fish tissues (plasma, gonad 

and brain) were sampled on days 0, 1, 3, 5 and 7 for measured concentrations of steroid 

hormones to determine if exposure to diazepam modulates steroid production.  
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Water Extractions 

De-chlorinated tap water was analyzed for the presence of diazepam, nordiazepam, 

temazepam and oxazepam to determine its appropriate use as exposure medium. Each individual 

tank was also analyzed for the presence of these chemicals after 24 and 48 hours of chemical 

exposure to either DMF or diazepam (prior to fish exposure), in order to determine when the 

tanks reached the desired concentration (1ppb) of diazepam. Once fish were added to the tanks 

(48 hours post drug exposure), water samples were measured on days 0, 3, 5 and 7.  

 From each tank, 5 mL of exposure water was transferred into a 15 mL conical, glass 

centrifuge tube. To each tube, 2 mL of hexane:ethyl acetate (1:1) and 5 µL D5 diazepam was 

added, vortexed and centrifuged at 5000 rpm for 5 minutes. The top solvent layer was removed 

and transferred into a clean centrifuge tube. This process was repeated three more times, pooling 

the solvent extracts, which were then completely dried under nitrogen and reconstituted to 1 mL 

with acetonitrile. All samples were then dried under nitrogen and reconstituted to 50 µL with 

acetonitrile and placed into a glass insert for analysis.  

 

Steroid Hormone Production 

Fish (n = 3) were removed from standard laboratory conditions for baseline 

measurements. Fish (n = 3) were removed from solvent control and diazepam exposed tanks on 

days 1, 3, 5 and 7. For each fish, standard length and wet weights were determined prior to 

dissections. Each fish was then dissected to obtain the plasma, gonad and brain tissues. Blood 

samples (n = 3) were placed in microcentrifuge tubes and centrifuged at 2500 rpm for five 

minutes, the supernatant layer (plasma) was removed and transferred into a new microcentrifuge 
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tube, and stored at -80°C until further analysis. Tissues (n = 3) were individually weighed and 

frozen at -80°C until further analysis. 

 Plasma (100 µL), gonad and brain tissues (n = 3) were placed in 15 mL glass centrifuge 

tubes with 5 mL of ethyl acetate and 1 mL of Milli-Q water. Each sample was spiked with 5 µL 

of D9 progesterone and D3 estradiol, vortexed and centrifuged at 2000 rpm for approximately 5 

minutes. The top solvent layer was removed and the extraction process was repeated once more. 

The extract pools were then dried under nitrogen to complete dryness and the tube was rinsed 

with 0.5 mL of ethyl acetate three times (total volume 1.5 mL) into an amber vial. The extract 

rinse was then dried completely and reconstituted with 100 µL methanol. Each 100 µL sample 

was then split into two 50 µL aliquots for derivitization. 

 All extracted plasma and tissue samples were derivitized using the hydrazinopyridine and 

dansyl chloride methods described by Hala et al., (2011) and Nelson et al., (2004). Using the 

hydrazinopyridine method, aliquots (50 µL) were dried completely, reconstituted with 100 µL of 

2-hydrazinopyridine:trifluroacetic acid (1:2.5) and sonicated for approximately 15-20 minutes. 

Sonicated samples were again dried completely and reconstituted in 50 µL of methanol for 

analysis of D9 progesterone, progesterone, pregnenolone, 11-ketotestosterone (11-KT), 17α-

hydroxyprogesterone, testosterone, 11-deoxycortisol (11-DC), 17α, 20β-dihydroxy-4-pregnen-3-

one (17, 20-DP) via liquid chromatography tandem mass spectrometry. Using the dansyl chloride 

method, aliquots (50 µL) were dried completely, reconstituted with 50 µL of NaHCO3 and 50 µL 

of dansyl chloride and placed in a heated oven for 3 minutes at 60°C. Once removed from the 

oven, 0.5 mL of Milli-Q water and 0.5 mL of ethyl acetate was added to each sample, they were 

vortexed and then centrifuged for approximately 2 minutes. The top solvent layer was transferred 

into a new amber vial and this extraction procedure was conducted once more. The pooled 
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extracts were dried completely under nitrogen and reconstituted in 50 µL of methanol for 

analysis of D3 estradiol, estradiol and estrone via liquid chromatography tandem mass 

spectrometry. 

 

 Liquid Chromatography Mass Spectrometry 

Separation and identification of all compounds for tissue and water extractions was 

achieved using a Waters 2695 Separation Module with a Sunfire C18 column (2.1 X 50 mm, 3.5 

µm particle size) coupled to a Micromass Quattro Ultima tandem mass spectrometer using 

positive electrospray (ESI+) ionization. Multiple reaction monitoring (MRM) was used to 

identify compounds with the following mass transitions: D9 progesterone (m/z 506 > 354), 

progesterone (m/z 497 > 348), pregnenolone (m/z 408 > 95), 11-KT (m/z 394 > 95), 17α-

hydroxyprogesterone (m/z 513 > 364), testosterone (m/z 380 > 95), 11-DC (m/z 592 > 364), 17, 

20-DP (m/z 424 > 95), D3 estradiol (m/z 509 > 170), estradiol (m/z 506 > 170) and estrone (m/z 

504 > 170). Detection and quantification was conducted using MassLynx software (version 4.1). 

Instrumental detection limits for all steroid hormones were determined and described by Hala et 

al., (2011, 2012) and shown below (Table 4.1).  
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TABLE 4.1 

Limits of Detection for Each Steroid Hormone Analyzed. 

Steroid Hormone Analyzed Limit of Detection (ppb)* 

Progesterone 0.16 

Pregnenolone 0.16 

11-ketotestosterone 1.25 

17α-hydroxyprogesterone 0.31 

Testosterone 1.25 

11-deoxycortisol 0.63 

17α, 20β-dihydroxy-4-pregnen-3-one 0.63 

Estradiol 0.63 

Estrone 0.16 

*Determined by Hala et al., 2011, Hala et al., 2012 

 

RNA Isolation 

All materials and work surfaces were treated with 75% ethanol and RNaseZap (Ambion, 

Grand Island, NY) to minimize contamination. Tissue samples (gonad and brain) were 

homogenized using a glass handheld homogenizer with 250 μL of TRI reagent. 250 μL of TRI 

reagent was again added to the tissue samples and they were centrifuged at 12,000 X g for 10 

minutes at 4°C. Centrifuging produced three visible layers, whereby the transparent middle layer 

was transferred into a new microcentrifuge tube with 150 μL of chloroform. The samples were 

then centrifuged at 12,000 X g for 15 minutes at 4°C. This centrifugation produced three phases, 

a red bottom phase containing protein, an opaque middle phase containing DNA and a colorless 

upper phase containing RNA. The top phase was transferred into a new microcentrifuge tube 

 79 



with 200 μL of isopropanolol. The samples were then centrifuged again at 12,000 X g for 10 

minutes at 4°C, discarding the resulting supernatant. The pellet was then washed with 500 μL of 

75% ethanol, centrifuged at 7600 X g for 5 minutes at 4°C, and excess ethanol was carefully 

removed without disturbing the pellet. The RNA pellet was then re-suspended with either 30 or 

50 μL of Tris-EDTA (Sigma-Aldrich), depending upon whether the pellet was visible or not.  

Once RNA was isolated from the samples, total RNA and purity in each sample was then 

quantified using a Synergy 2 Multi-Mode Microplate Reader with a Take3 micro-volume plate 

and Gen 5 software (Bio-Tek Instruments, Winooski, VT). Each sample was then diluted to 40 

ng/μL total RNA with Tris-EDTA buffer for analysis.  

 

Quantitative Real-Time Polymerase Chain Reaction 

Transcript abundance (RNA) in each sample was measured for the translocator protein 

(TSPO), cytochrome P450 side chain cleavage (P450scc) and 3β-hydroxysteroid dehydrogenase 

(3β-HSD), with the reference gene 18S used as a control. Primers (Table 4.2) were diluted to a 

concentration of 10 μmol/L and a master mix, containing RNAse free water, forward and reverse 

primers, SYBR green mix and the reverse transcriptase (RT) mix, was prepared for each gene 

from the SYBR Green RT-PCR kit (Qiagen). Primer sequences used for each gene are shown in 

Table 4.2. For q-PCR analysis, 22.5 μL of the master mix and 2.5 μL of each diluted sample was 

pipetted into PCR tubes, in duplicate. q-PCR was performed using a Qiagen Rotor-Gene 6000 

cycler following the Real-Time One-Step RT-PCR method. Reverse transcription occurred at 

55°C for 10 minutes, followed by a 5-minute incubation period at 95°C. Two-step cycling 

occurred for 5 seconds at 95°C and 10 seconds at 60°C. Real time fluorescence and cycle times 

(Ct value) for each tissue and gene were compared to the reference gene, 18S. Standard curves 
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were constructed for each gene and tissue, and threshold values were imported into the sample 

analysis to calculate the threshold cycle (Ct values) for each sample. Ct values were then 

analyzed using the 2-∆∆CT method to calculate the fold change (Livak and Schmittgan 2001).  

 

TABLE 4.2 

Primers Used in q-PCR Analysis of Steroidogenic Enzymes and Receptors. 

Gene Forward Primer Reverse Primer 

18S (reference gene)1 GAGAAACGGCTACCACATCC GATACGCTCATTCCGATTACAG 

TSPO2 GGGTCTGACTGCCTTACCAC GAATTGGGTGGCCTCCATGA 

P450scc1 GCAAAGATACCTCACTCAAGATGTTGT TGGTTTGGAGAAGATGCGATAGT 

3β-HSD1 GCTAAACACACATTTCACCTTCTCTT CCGACGCTAGCCAATCTGTAGT 

1Primers originated from Kumar et al., (2000).  
2Primers developed from sequence accession number NM_001200736 using Primer3 software (v 0.4.0) 

 

Statistical Analysis 

Steroid hormones produced in each tissue were analyzed using a one-way analysis of 

variance (ANOVA) followed by a Bonferroni’s Multiple Comparison post-hoc test to determine 

significant differences between solvent control and treated fish by time. Due to low sample size 

(n < 3) for gonad tissue, an ANOVA could not be conducted. Thus, a t-test was conducted on 

gonad tissue for solvent control and treated samples at day seven. From q-PCR experiments, fold 

change values of gene transcripts were analyzed using a two-way ANOVA followed by a 

Bonferroni’s Multiple Comparison post-hoc test to determine significant differences between 

solvent control and diazepam-exposed fish for each gene per tissue analyzed. GraphPad Prism 5 

(La Jolla, CA) was used for statistical and graphical analysis for all data.  
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Results 

Water Extractions 

The average concentration of diazepam in the treated tanks during the 7-day exposure 

was 1.22 ± 0.15 µg/L. Nordiazepam, temazepam and oxazepam were below detection in all 

water samples during the exposure period. The average concentration of all compounds analyzed 

in the water samples is shown below (Table 4.3). Water quality measurements for solvent control 

and treated tanks were conducted on days 0, 3, and 7 for pH, temperature, dissolved oxygen, 

alkalinity and hardness (Table 4.4).  

TABLE 4.3 

Average Concentration (µg/L ± SD) of Diazepam, Nordiazepam, Temazepam and 
Oxazepam from Water Extractions in Solvent Control and Treated Tanks. 

 Diazepam Nordiazepam Temazepam Oxazepam 

SC 0.004 ± 0.003 ND ND ND 

Treated 1.22 ± 0.15 ND ND ND 

SC = solvent control (n = 6); treated (n = 9)  

ND = below limit of detection (see table 3.1) 
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TABLE 4.4 

Average Water Quality Measurements for Solvent Control and Treated Tanks. 

Tank pH Temperature  
(°C) 

Dissolved 
oxygen 
(mg/L) 

Alkalinity 
(mg/L as 
CaCO3) 

Hardness 
(mg/L as 
CaCO3) 

Solvent 
Control 

7.64 ± 0.26 19.12 ± 0.23  8.56 ± 0.33 88.33 ± 5.16  104.67 ± 13.49  

Treated 7.64 ± 0.17 18.74 ± 0.34 8.29 ± 0.23 89.44 ± 5.27  111.56 ± 6.15  

Solvent control (n = 6); treated (n = 9)  

 

Steroid Hormone Production 

The concentration of the steroids progesterone, pregnenolone, 11-ketotestosterone (11-

KT), 17α-hydroxyprogesterone, testosterone, 11-deoxycortisol (11-DC), 17α, 20β-dihydroxy-4-

pregnen-3-one (17, 20-DP), estradiol and estrone were measured in the plasma, gonad and brain 

of catfish from solvent control and treated tanks on days 1, 3, 5 and 7 of exposure to 1ppb 

diazepam (Table 4.5-4.7). Progesterone and 11-KT were below detection (0.16 and 1.25 ppb, 

respectively) in all samples analyzed. No significance was detected between solvent control and 

treated fish after seven days of exposure to diazepam for all steroid hormones analyzed.  
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TABLE 4.5 
Average Concentration (ng/mL ± SD) of Steroid Hormones in Plasma From Solvent 

Control (n = 3) and Treated Fish (n = 3) (p < 0.05). 

Steroid Hormone Solvent Control Treated 

Pregnenolone  0.47 ± 0.42 0.56 ± 0.41 

17α-hydroxyprogesterone 0.18 ± 0.22 0.02 ± 0.03 

Testosterone 2.26 ± 3.91 ND 

11-deoxycortisol ND 0.46 ± 0.48 

17α, 20β-dihydroxy-4-pregnen-3-one 2.11 ± 1.68 0.52 ± 0.58 

Estradiol 0.32 ± 0.03 0.31 ± 0.05 

Estrone 0.40 ± 0.10 0.50 ± 0.05 

ND = below limit of detection (see table 4.1) 

 

 

TABLE 4.6 

Average Concentration (ng/g Tissue Wet Weight ± SD) of Steroid Hormones in Gonad 
Tissue From Solvent Control (n < 3) and Treated Fish (n < 3) (p < 0.05). 

Steroid Hormone Solvent Control Treated 

Pregnenolone  5.05 ± 1.72 10.89 ± 6.12 

17α-hydroxyprogesterone ND ND 

Testosterone ND 1.55 ± 1.95 

11-deoxycortisol 1.73 ± 2.44 15.97 ± 10.36 

17α, 20β-dihydroxy-4-pregnen-3-one 10.77 ± 1.28 16.37 ± 18.38 

Estradiol 149.15 ± 82.66 156.04 ± 80.66 

Estrone 6.27 ± 3.87 7.15 ± 3.84 

ND = below limit of detection (see table 4.1) 
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TABLE 4.7 
Average Concentration (ng/g Tissue Wet Weight ± SD) of Steroid Hormones in Brain 

Tissue From Solvent Control (n = 3) and Treated Fish (n = 3) (p < 0.05). 

Steroid Hormone Solvent Control Treated 

Pregnenolone  4.30 ± 1.54 3.76 ± 1.01 

17α-hydroxyprogesterone 1.31 ± 2.27 ND 

Testosterone ND ND 

11-deoxycortisol 3.73 ± 3.55 0.69 ± 1.20 

17α, 20β-dihydroxy-4-pregnen-3-one 1.06 ± 1.84 ND 

Estradiol 33.94 ± 5.52 35.31 ± 9.84 

Estrone 4.33 ± 2.03 4.35 ± 2.51 

ND = below limit of detection (see table 4.1) 

 
 

Quantitative Real-Time Polymerase Chain Reaction 

The up- or down-regulation of gene transcripts following exposure to diazepam was 

investigated for TSPO, P450scc and 3β-HSD, using 18S as the housekeeping gene. Gene 

transcripts for TSPO resulted in no significant difference between solvent control and diazepam 

exposed fish over the course of seven days of exposure to 1ppb diazepam (Fig. 7a-b). Gene 

transcripts for P450scc resulted in a significant down-regulation of treated fish in the gonad 

tissue at day five only (Fig. 7c-d). No other significance was detected in gonad or brain tissue at 

any other time point. There were no significant differences detected from solvent control and 

treated fish for gene transcripts of 3β-HSD in the brain tissue. However, in the gonad tissue, 

significant up-regulation of gene transcripts was detected on days one and seven (Fig. 7e-f).  
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For most q-PCR studies, normalization of data is achieved using an endogenous, co-

expressed reference gene. The reference gene used must be expressed at a relatively constant 

level regardless of tissue or treatment (Small et al., 2008). Many of the reference genes used for 

less sensitive assays, such as northern blots, may not be suitable for q-PCR due to this variability 

(Small et al., 2008). Small et al., (2008) tested seven routinely used reference genes in 15 

channel catfish tissues as well as testing experimental treatments within tissues, to determine 

which of the seven genes proved to be the most constant. Expression of all seven genes varied 

among tissue type; however, 18S was the only gene that was not altered following experimental 

manipulation (Small et al., 2008). Thus, 18S was determined to be the most suitable reference 

gene to be used in studies conducted with channel catfish, although cross-tissue comparison 

cannot be made. In the present study, 18S was used to normalize data in each tissue per gene, 

thus, avoiding misinterpretation of the data by attempting cross-tissue comparisons.  
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FIG 4.2. Fold change of gene transcripts for (a) TSPO in gonad tissue, (b) TSPO in brain tissue, (c) P450sc in gonad 
tissue, (d) P450scc in brain tissue, (e) 3β-HSD in gonad tissue and (f) 3β-HSD in brain tissue. Data is represented by 

fold change (log2) ± standard deviation (* indicates significant difference from solvent control (p < 0.05)).  
Discussion 
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Due to the increasing human population, the rate of chemical wastes that enter our 

surface waters is thus increasing. Numerous pharmaceuticals and personal care products have 

been detected in the environment, which is a direct result of the high rates of human use and 

advances in analytical chemistry technologies. Within the last 70 years, industrialized countries 

have released more than 80,000 chemicals into the environment, many of which have been 

shown to interact with the endocrine system of aquatic organisms (Vajda and Norris 2011; 

Daughton and Ternes 1999). Chemicals that have been identified as endocrine-disruptors belong 

to chemical classes such as steroids, organochlorines, dioxins, polychlorinated biphenyls (PCBs) 

and surfactants, among others (Vajda and Norris 2011). These chemicals have diverse actions on 

the endocrine system, but all include some type of direct interaction with a part of the 

reproductive axis (Vajda and Norris 2011). The modulation of the endocrine system caused by 

these compounds may be temporary and reversible, or they may be irreversible, leading to 

heritable changes that may affect populations (Vajda and Norris 2011).  

There are also pharmaceuticals, which are typically not considered to be endocrine-

disrupting chemicals, which may impair the endocrine system through non-traditional 

mechanisms (Christen et al., 2010). Fluoxetine, a selective serotonin reuptake inhibitor, has been 

shown to impair reproduction, cause developmental abnormalities and modulate steroid hormone 

production in numerous aquatic organisms (Brooks et al., 2003; Foran et al., 2004). Synthetic 

hormones, which are classified as highly active pharmaceuticals, may exhibit adverse effects at 

very low concentrations (< 0.01 µg/L) in the environment based on their mode of action 

(Christen et al., 2010). However, other compounds were also identified as highly active based on 

their interaction with key cellular targets, evident by their effects on aquatic organisms (Christen 

et al., 2010). Diazepam exhibited a lowest observed effect concentration (LOEC) of 10 µg/L on 
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Hydra vulgaris regeneration, thus it was investigated for its potential as a highly active 

compound (HC) using two models (Christen et al., 2010). The mode of action concept used was 

based on the mechanism of action of the pharmaceutical as well as information regarding protein 

and receptor homology across species.  

The fish plasma model was based on mammalian pharmacology and toxicology, whereby 

human therapeutic plasma concentrations (HTPC) were compared to predicted steady-state 

plasma concentrations (FSSPC) in fish and effect ratios (ER) were calculated (Christen et al., 

2010). A low ER represents a greater potential for a pharmacological response in fish, whereas a 

higher ER indicates a low probability for fish to exhibit a pharmacological response (Christen et 

al., 2010). Using the mode of action concept, diazepam was determined to exhibit a moderate 

risk as a HC based on a 71-90% homology between human drug target and the possible target in 

fish (GABA receptors) (Christen et al., 2010). According to the fish plasma model, diazepam 

exhibited an ER of 2667, which is well above the threshold of 1000 to be considered HC 

(Christen et al., 2010, Huggett et al., 2003). Although the mode of action concept identified 

diazepam as a HC based on binding to GABA receptors and conservation of those targets in fish 

species, this method does not identify its mechanism of binding to TSPO as another target. Thus, 

the present study was aimed at identifying further effects of diazepam on the endocrine system. 

 Measured concentrations of steroid hormones did not reveal any significant differences 

among solvent control and treated fish, following exposure to 1 ppb diazepam for seven days. 

Two hormones analyzed, progesterone and 11-KT, were below detection in all samples analyzed. 

The lack of significance indicates that diazepam does not have an acute effect on steroid 

hormone production in juvenile catfish; however, acute exposure may not best represent real 

world exposure scenarios. Fish are likely continually exposed to low-level (ng/L) concentrations 
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of diazepam, among other benzodiazepines throughout their lifetime if they reside near WWTP, 

which is difficult to simulate in a laboratory setting. Channel catfish become sexually mature 

around 3 years of age and weigh at least 3 pounds for reliable spawning, although maturation can 

occur by 2 years of age at weights as low as 0.75 pounds (Tucker and Robinson 1990). Thus, it is 

not surprising that juvenile catfish may exhibit low concentrations of steroid hormones, as they 

are not fully developed. Additionally, some of the catfish sampled in the present study did not 

exhibit distinguishable gonad tissue at all.  

 Gene transcripts investigated revealed minimal significance between solvent control and 

treated catfish, following exposure to 1 ppb diazepam for seven days. In the gonad tissue, TSPO 

exhibited no significant difference between treatment groups, whereas P450scc and 3β-HSD 

exhibited significance between groups on day five and days one and seven, respectively. 

Although statistically significant differences were detected on day five for P450scc and days one 

and seven for 3β-HSD, these should be interpreted with caution. Due to the fact that gonad tissue 

was not available in all fish sampled, sample size was relatively low and highly variable in both 

treatment groups. For example, on sampling day one, only one solvent control fish exhibited 

defined gonad tissue available to sample. Thus, any significance observed on day one may be 

artifactual due to extremely low sample size. In brain tissue, no statistically significant difference 

was identified between treatment groups for all three genes investigated. Although sample size 

remained constant (n = 3) for all groups and sampling times, the variability was also relatively 

high.  

 Although interactions between benzodiazepine exposure and modulation of 

steroidogenesis are lacking in aquatic species, there exists some evidence in mammals. Weizman 

et al., (1997) examined the modulation of TSPO expression in steroidogenic and non-
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steroidogenic organs, as well as steroid hormone concentrations, in female Sprague-Dawley rats 

following chronic (21-day) exposure to various TSPO ligands. Diazepam (5 mg/kg) exhibited 

up-regulation of TSPO expression in steroidogenic organs (ovary and adrenals), with no effect 

on steroid hormone concentrations (estradiol, progesterone and corticosterone) (Weizman et al., 

1997). Clonazepam (1 mg/kg), a benzodiazepine that is structurally similar to diazepam, up-

regulated TSPO in adrenals only, with no effect on steroid hormones concentrations (Weizman et 

al., 1997). However, only female rats and selected steroid hormones were examined in this study. 

Additionally, the authors did not investigate the expression of any steroidogenic receptors or 

enzymes.  In male B6 mice, the benzodiazepine midazolam induced testosterone and 

progesterone production in isolated Leydig cells and MA-10 Leydig tumor cells, respectively, in 

a dose-and time-dependent manner (So et al., 2010). Additionally, midazolam (150 μM) induced 

TSPO expression following 1hr exposure in Leydig cells and 1hr and 3hr treatment in MA-10 

Leydig tumor cells (So et al., 2010). StAR expression was induced after 12hr treatment with 

midazolam (150 μM) in both cell types, whereas midazolam did not modulate P450scc or 3β-

HSD expression in either cell type (So et al., 2010).  

 The present study represents the first investigation of the interactions between 

benzodiazepines and endocrine disruption in fish. The data generated in this study indicates that 

endocrine function is not affected in juvenile catfish exposed to ≤ 1ppb diazepam. However, 

chronic, low level exposure to benzodiazpines may increase the risk for accumulation, which 

may exhibit adverse effects on endocrine function in adult catfish over time. Although steroid 

hormone production and gene expression investigations did not reveal any significant results in 

the present study, the ability of diazepam, and potentially all benzodiazepines, to bind TSPO 

should warrant further investigation in various fish species.  
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CHAPTER 5 

CONCLUSIONS 

With the increasing detection of trace levels of pharmaceuticals in wastewater effluent 

and surface waters, aquatic organisms are continually exposed to complex mixtures of chemicals 

that may pose adverse effects. Scientists have only scratched the surface regarding the fate of 

these chemicals in aquatic environments and their long-term effects on sensitive organisms. 

Little is known about the metabolism of benzodiazepines in fish and specific isoforms involved; 

thus, the first objective of the present study was to investigate the in vitro metabolism of a model 

benzodiazepine, diazepam, in channel catfish. Due to the significant inhibition observed via 

ketoconazole and EE2, biotransformation of diazepam in channel catfish was determined to be 

CYP450 mediated, while temazepam appears to be specifically formed via CYP3A-like enzymes. 

Testosterone hydroxylase activity also confirmed CYP3A-like activity, although levels were 

relatively low compared to the literature. The metabolic profile of diazepam biotransformation 

was partially determined in channel catfish, however, is it still unknown which specific 

enzyme(s) catalyze the conversion of diazepam into nordiazepam. Additionally, the known 

human metabolite oxazepam was not detected from in vitro studies conducted. This indicates that 

the CYP450 enzyme responsible for the formation of oxazepam is either missing in catfish, rates 

of activity are low compared to mammals, formation of oxazepam only occurs in extrahepatic 

tissues, or that conjugation of intermediate metabolites may occur more rapidly, eliminating their 

conversion into oxazepam.  

Overall, metabolism of diazepam was relatively low (8%), thus, investigation of the 

bioconcentration of diazepam was conducted in vivo. There is currently a lack of empirical data 

regarding the bioconcentration of pharmaceuticals in fish species, which is warranted due to the 
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increasing incidence of benzodiazepines in the environment and insufficient metabolism in 

channel catfish. The second objective of the present study was to determine the tissue-specific 

bioconcentration of diazepam as well as the distribution of known metabolites. All tissues 

analyzed resulted in calculated BCF values much lower than the regulatory threshold value (> 

2000); however, diazepam was identified in each tissue at concentrations 5-17 times greater than 

exposure concentrations during the uptake phase of the study. This indicates that diazepam has 

the potential to accumulate, albeit below regulatory triggers. Additionally, during the depuration 

phase of the experiment, fish were exposed to clean water that was free from diazepam. In real 

world exposure scenarios, fish may be continually exposed to diazepam, in addition to other 

benzodiazepines, which may lead to saturation of elimination mechanisms (conjugation). The 

distribution of metabolites in the tissues analyzed was highly variable, and concentrations were 

relatively low (< 6 ng/g). However, in all tissues, nordiazepam was the highest concentration of 

all metabolites, followed by temazepam and oxazepam. The detection of oxazepam in vivo, 

indicates that catfish do indeed possess the enzyme(s) needed for its formation. Samples from the 

in vivo bioconcentration study were concentrated, thus, it is possible that the concentration of 

oxazepam from the in vitro metabolism studies were below detection limits.  

Due to the lack of diazepam biotransformation in channel catfish, the potential for the 

accumulation of diazepam in fish tissues and the ability of diazepam to bind receptors that 

mediate steroid hormone production, further investigation of the effects of diazepam on steroid 

production was warranted. Thus, the final objective of the present study was to examine steroid 

hormone production and modulation of steroid gene transcripts in catfish following exposure to 

diazepam. Exposure to diazepam resulted in no significant difference in steroid hormone 

production in channel catfish, for progesterone, pregnenolone, 11-KT, 17α-hydroxyprogesterone, 
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testosterone, 11-DC, 17, 20-DP, estradiol and estrone. However, the exposure was only 

conducted for seven days, which may not have been long enough to modulate steroid hormone 

production. Additionally, the use of juvenile catfish that were not sexually mature may be the 

reason for the low concentrations and high variability observed.  

Although no modulation of steroid hormone production was observed, two steroidogenic 

enzymes (P450scc and 3β-HSD) as well as TSPO, which mediates the rate-limiting step in 

steroidogenesis, were investigated for their potential to be up- or down-regulated following 

diazepam exposure. No significance was observed for genes analyzed in the brain tissue; 

however, significance was detected in gonad tissue for P450scc and 3β-HSD at certain sampling 

time points. The modulation of these steroidogenic enzymes did not translate to changes in 

steroid hormone production, indicating that feedback mechanisms may have been able to 

compensate for the changes in enzyme expression. Additionally, steroidogenic enzymes are 

differentially expressed among the sexes, as well as changes due to seasonal variations. Thus, 

further investigation of steroidogenic enzymes should be conducted using a larger sample size to 

confirm that they are modulated following exposure to diazepam across all time points.  

Although significance differences for TSPO were not detected in the present study, the TSPO 

still represents a viable target for endocrine disruption through a novel mechanism. Thus, the 

results obtained from the present study indicate that: 

• Biotransformation of diazepam is CYP450 mediated & formation of temazepam may be 
catalyzed thru CYP3A-like enzymes. 
 

• Juvenile channel catfish exhibit relatively low (~7-8%) biotransformation of diazepam into 
known metabolites.  

  
• Although diazepam exhibits low biotransformation rates, diazepam does not exhibit the 

potential for bioconcentration at regulatory threshold values (BCF = 2000-5000). 
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• Sub-chronic exposure to diazepam may significantly alter endocrine function in juvenile 
channel catfish; however, further studies must be conducted.  

 

The evidence generated from the studies presented represents the first investigation of 

benzodiazepines in catfish and their linkages to the endocrine system. However, further research 

is warranted to answer some remaining questions: 

1. Is the biotransformation of diazepam in channel catfish similar to other fish species? 
 

2. In channel catfish, what CYP450 enzyme(s) mediate the formation of nordiazepam 
and oxazepam? 
 

3. Do the CYP450 enzyme(s) that mediate diazepam biotransformation also mediate the 
conversion of other benzodiazepines into known metabolites?  

 
4. Do catfish exposed to benzodiazepines in the environment accumulate diazepam and 

other benzodiazepines to therapeutic levels in mammals? 
 

5. Will teleost fish exposed to diazepam, or other benzodiazepines, exhibit differential 
modulation of steroid hormone production and/or steroid gene transcripts at various 
stages of reproductive maturity? 

 
 

Several additional fish species, both freshwater and marine, should be examined for their 

specific metabolic profile of diazepam. Similar studies to those conducted in the present work (in 

vitro metabolism assays) could be conducted, by using specific and non-specific inhibitors. 

However, care should be taken when using inhibitors to ensure that specific inhibitors in trout, 

for example, are cross-reactive with similar CYP450 isoforms in the fish species of interest. 

Additionally, activity assays should be utilized to confirm or refute metabolism data generated. 

For example, if CYP1A1 was found to be involved in the metabolism an EROD assay could be 

conducted to confirm activity of that particular isoform. It would also be interesting to 

investigate the rate of metabolism of diazepam, as well as other benzodiazepines, in teleost fish 

at varying life stages to determine sensitive periods of exposure. Since the present study was not 
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able to determine at least CYP450 isoform involved in the formation of nordiazepam and 

oxazepam in channel catfish, further studies need to be conducted. In vitro metabolism assays 

should be conducted with more diverse inhibitors, both specific and non-specific in nature. 

Additionally, conjugation mechanisms in channel catfish should be examined to determine if 

diazepam and known metabolites could be directly conjugated to increase their elimination. The 

present study utilized microsomal fractions, which typically include Phase I reactions only, thus, 

using S9 fractions would allow additional investigation of Phase II reactions.  

Once the metabolic profile of diazepam is fully identified in channel catfish, other 

benzodiazepines should also be examined for their metabolic pathways. Again, in vitro 

metabolism assays could be conducted using specific and non-specific inhibitors to determine the 

isoforms involved in the metabolism of each drug. Since most of the drugs in this class share the 

same mechanism of action, it would also be interesting to conduct receptor-binding assays to see 

if there is competition for the GABAA receptor and the affinity of each drug to bind GABAA. 

Due to the complex mixture of environmental contaminants that teleost fish are continually 

exposed to, it is likely that co-exposure to multiple benzodiazepines occurs. Moreover, catfish 

that are at risk to environmental contamination should be examined for tissue concentrations of 

diazepam and other benzodiazepines, as well as the surface water in which they reside. The 

concentration of benzodiazepines present will give an indication of the accumulation of these 

types of compounds in catfish, which can also be applied to other fish species. The field data can 

then be compared to laboratory data generated in the present study to better determine the 

bioconcentration potential of benzodiazepines. Additionally, lower aquatic organisms should be 

examined for concentrations of benzodiazepines to determine if the accumulation of these 

compounds in fish tissue could be attributed to biomagnification, or whether it is a result of 
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direct accumulation by the fish. If, in fact, diazepam and other benzodiazepines are shown to 

exhibit very low rates of metabolism and have the potential to bioconcentrate in various fish 

species, further investigation of their endocrine disrupting potential should be conducted. Similar 

assays to those conducted in the present work could be conducted on numerous fish species at 

various life stages to determine sensitive groups and/or time periods. A more diverse group of 

steroid hormones and steroid enzymes could be used to gain a better understanding of the 

modulation of steroidogenesis during life stages following exposure to benzodiazepine 

compounds. In addition to TSPO, other membrane proteins involved in mitochondrial cholesterol 

transport should be investigated to fully understand the role of TSPO in steroidogenesis of teleost 

fish.  
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